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ABSTRACT 


AFOSR  project  87-0396  was  undertaken  to  develop  a  detailed  understanding  of  the  link 
between  microstructural  variables  and  the  strength  and  toughness  of  ceramic  materials.  A 
major  emphasis  of  this  effort  has  been  developing  approaches  for  producing  multiphase 
ceramic  microstructures  with  enhanced  reliability  i.e.  elevated  temperature  microstructural 
stability  and  damage  tolerance  and/or  room  temperature  flaw  tolerance. 

Improvements  in  elevated  temperature  damage  tolerance  depend  upon  having  a  dual 
phase  interconnected  microstructure  with  more  than  16  volume  percent  second  phase.  Our 
findings  show  that  adding  cubic  zirconia  to  alumina  improves  damage  tolerance  in  that  A1203 
with  50%  c-Zr02  (AZ50)  shows  the  same  hardness  yet  appreciably  less  indentation  damage 
than  alumina  at  1200°  C  and  is  very  resistant  to  grain  coarsening  for  up  to  100  hours  at 
1650°C.  Also,  A1203  with  50%  YAG  (AY50)  has  twice  the  hardness  of  A1203  at  1200°C. 
Future  experiments  will  assess  creep  and  stress  rupture  properties  of  these  and  other 
interconnected  dual  phase  ceramics. 

Improvements  in  room  temperature  flaw  tolerance  depend  upon  having  a  controlled 
inhomogeneous  dual  phase  microstructure  with  phases  of  different  thermal  expansion 
coefficients.  The  thermal  expansion  mismatch  promotes  toughening  by  enhancing  grain 
bridging  at  the  sites  of  the  inhomogeneity.  Our  findings  show  that  adding  AJ203  spray-dried 
agglomerates  to  homogeneous  Al203/Al2Ti05  or  Al203/c-Zr02  fine  powders,  and/or  tape 
casting  of  alternating  layers  (35  microns  thick)  of  Al203/Al2Ti05  and  undoped  alumina 
enhances  flaw  tolerance  considerably.  Also,  novel  tape-cast  trilaminate  composites  with 
strong  outer  layers  and  flaw  tolerant  interiors  have  been  designed  to  optimize  the 
dependence  of  strength  on  flaw  size. 
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Jonathan  0.  French,  Martin  P.  Harmer,  Helen  M.  Chan  and  Gary  A. 
Miller,  Department  of  Materials  Science  and  Engineering  and  The 
Materials  Research  Center,  Lehigh  University,  Bethlehem,  PA 
18015. 

Abstract 

Grain  growth  in  a  50:50  (volume  percent)  dual  phase  mixture 
of  A1203  and  c-Zr02  (cubic  zirconia)  is  severely  limited  compared 
to  that  for  either  of  the  single  phases.  At  1650 *c,  the  growth 
rate  in  the  duplex  composition  was  160,  and  3500  times  lower  than 
for  single  phase  A1203  and  c-Zr02,  respectively.  The  restriction 
of  the  grain  growth  is  attributed  to  the  limited  mutual 
solubility,  and  the  physical  constraint  provided  by  the 
interpenetrating  geometry  of  the  two  phases.  Grain  coordination 
number  and  dihedral  angle  are  also  considered  as  factors 
affecting  grain  stabilization  in  two-phase  systems.  A 
potentially  important  practical  application  of  this  work  is  the 
fabrication  of  grain-stabilized  fibers  for  use  as  reinforcement 
in  composite  structures  at  elevated  temperatures. 

introduction 

Conventionally,  grain  growth  is  controlled  with  the  use  of 
either  solid  solution  or  second  phase  additives.  Solid  solution 
additives  can  be  very  effective  but  they  have  limited 
applicability  in  that  they  are  system  specific?'2  The  use  of 
second  phase  particles  is  also  effective,  however,  particle 
mobility,  particle-boundary  unpinning  and  coarsening  by 
Ostwald  ripening  can  limit  the  usefulness  of  this  approach?  In 
both  cases,  homogeneity  of  the  additive  distribution  is  critical 


for  the  prevention  of  abnormal  grain  growth?*3 

An  alternate  method  of  restraining  grain  growth  for  the 
production  of  fine-grained  ceramics  is  through  the  development  of 

dual/multi-phase  interpenetrating  microstructures.  By  intimately 
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mixing  two  (or  more)  phases  with  limited  solid  solubility  the 
growth  of  the  individual  phases  is  inhibited  since  long  range 
interdiffusion  is  limited.  Interpenetrating  phase  mixtures  have 
been  used  in  the  metals  field  for  many  years  to  develop 
microstructures  suitable  for  superplastic  forming  of  aluminum, 
copper  and  titanium  alloys  and  duplex  stainless  steels?  However, 
there  has  been  little  exploitation  of  this  effect  for  ceramic 
systems. 

The  ceramic  system  Al203:c-Zr02  is  ideally  suited  for 
testing  the  grain  growth  limiting  potential  because  it  meets  the 
criterion  of  limited  mutual  solubility.  It  should  be  noted  that 
although  limited  work  has  been  carried  out  with  the  50:50 
composition?  particle  pinning  has  been  clearly  demonstrated 
in  alumina-rich  and  zirconia-rich  Al203-Zr02  composites?*7 

Experimental  Procedure 

High  purity  powders  of  A1203*  and  c-Zr02@  (8  mol%  Y203)  were 
mixed  in  eq^ial  portions  (by  volume)  in  200-proof  ethanol  and  ball 
milled  for  16  hours.  After  milling,  the  slurry  was  magnetically 
stirred  during  drying  to  prevent  differential  settling.  The 
dried  cake  was  then  crushed  in  a  polyethylene  bag  with  a  rolling 
pin.  Pellets  were  uniaxially  pressed  in  a  cylindrical  die  using 
a  pressure  of  55  MPa,  then  isostatically  pressed  at  350  MPa.  The 

*Suroitomo  AKP-HP,  Osaka,  Japan.  ®Tosoh  8Y  Zr02,  Japan. 


pellets  were  calcined  at  1000 *C  for  16  hours,  then  sintered  at 
1650*C  for  times  ranging  from  15  minutes  to  100  hours.  Pellets 
of  single  phase  A1203  and  c-Zr02  were  also  prepared  under  similar 
coeditions.  All  powder  processing  was  performed  in  a  clean-room 
environment  to  prevent  contamination  from  impurities  which  could 
form  liquid  phases. 

Cross-sections  of  each  pellet  were  polished  using  standard 
metallographic  techniques,  and  thermally  etched  at  1450*C  for  90 
minutes.  Scanning  electron  microscopy  (SEM)  was  used  to 
observe  the  microstructures.  Grain  size  was  measured  using  a 
lineal  intercept  technique  for  the  undoped  samples.  For  the 
duplex  specimens,  the  method  developed  by  Wurst  and  Nelson8  was 
adapted  for  measuring  the  individual  grain  sizes  of  the  two 
phases . 

Results  and  Discussion 

The  grain  growth  data  for  the  undoped  A1203,  undoped  c-Zr02, 
and  both  phases  in  the  50-50  composition  (AZ50)  can  be  seen  in 
Figure  1.  Note  the  severely  limited  growth,  even  after  100  hours 
at  1650 *C,  in  the  AZ50  composition.  Typical  microstructures  can 
be  seen  in  Figures  2a-c.  The  grain  growth  kinetics  depicted  in 
Figure  1  were  analyzed  in  terms  of  the  relation  Gn-G{J  =  Kt,  where 
G  is  the  grain  size  at  time  t,  n  is  the  grain  growth  kinetic 
exponent,  G0  is  the  grain  size  after  a  short  sintering  time 
(defined  as  t  =  0) ,  and  K  is  a  constant.  Integer  values  for  n 
ranging  from  2  to  6  resulted  in  linear  regressions  which 
accounted  for  90  to  99+  percent  of  the  variation.  In  other 
words,  any  exponent  in  this  range  could  be  used  to  describe  tKe. 
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coarsening  behavior  and  would  provide  a  reasonable  fit  to  the 
experimental  data.  With  this  in  mind,  the  value  of  3  was  chosen 
for  n  to  provide  a  comparison  with  published  data  for  other 
additives. 

K-values  for  the  single  phase  compositions  and  both  phases 


in  the  composite  were: 


Phase 


single  phase 


AZ50 


ai2o3 

c-Zro. 


:k  xio^j  , 

1200 

27000 

7.3 

7.6 


m3/s 


fCorrelationY 
[coefficient/ 


.943 

.984 

.938 

.943 


The  limited  grain  growth  of  the  AZ50  is  attributed  to  the  limited 
solid  solubility,  the  increased  diffusion  path  length  relative  to 
the  single  phases  and  the  physical  constraint  of  the  two  phases? 
Since  the  two  phases  form  two  interpenetrating  three-dimensional 
networks,  it  is  expected  that  the  grain  growth  of  one  phase  will 
be  coupled  to  that  of  the  other.  As  a  result,  the  coarsening 
rate  of  the  slower  phase  will  be  rate-limiting. 

At  low  volume  fractions  of  an  isolated  second  phase, 
particles  can  coarsen  by  coalescence  as  they  are  dragged  by 
moving  grain  boundaries  (assuming  mobile  particles) .  Another 
particle  coarsening  mechanism  for  low  volume  fractions  of 
particles  is  Ostwald  ripening,  where  large  particles  grow  at  the 
expense  of  small  ones.  If  we  consider,  for  example,  the 
coarsening  of  precipitates  of  phase  B  in  a  matrix  of  phase  A, 
then  the  driving  force  for  Ostwald  ripening  is  the  reduction  in 
the  A/B  inter facial  area:10 

dr/dt  =  (D  YABVms/2RTr2) 

where  dr/dt  is  the  precipitate  coarsening  rate,  D  is  the  bulk 
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diffusivity  of  B  in  A,  tab  is  the  interfacial  energy  of  an  A/B 
interface,  Vm  is  the  molar  volume  of  precipitates,  S  is  the 
solubility  of  B  in  A,  ?  is  the  mean  precipitate  radius  and  T  is 
thfr  absolute  temperature.  Thus,  coarsening  is  slow  in  systems 
which  have  relatively  low  values  of  yab*  S  and  D. 

At  high  volume  fractions,  such  as  AZSO,  dragging  of 
particles  by  moving  boundaries  is  not  likely  to  be  so  important. 
Due  to  the  limited  solubility  of  the  phases,  it  is  likely  that 
grain  boundary  and  interphase  boundary  diffusion  will  be 
controlling.  Due  to  the  high  connectivity  of  each  phase  in  AZ50, 
it  is  postulated  that  coarsening  occurs  mainly  by  diffusion  of 
species  along  interphase  boundaries,  rather  than  grain 
boundaries . 

It  is  important  to  note  that  for  any  two-phase  system,  the 
quantities  YAB  and  DAB  (diffusivity  along  the  interphase 
boundary)  may  be  strongly  interdependent.  For  example,  in 
metallic  systems,  it  has  been  shown  that  the  diffusion 
coefficient  of  a  species  along  an  interphase  boundary  depends  on 
the  orientation  difference  across  the  boundary1}  and  hence  the 
value  of  the  boundary  energy.  Although  the  authors  are  unaware 
of  similar  detailed  studies  in  ceramic  systems,  it  is  reasonable 
to  suppose  that  boundaries  having  very  low  interfacial  energies 
will  exhibit  good  lattice  matching,  and  will  be  poor  diffusion 
paths . 

At  high  volume  fraction  of  second  phase  and/or  large  particle 
size  it  becomes  important  to  consider  the  effects  of  dihedral 
angle  and  grain  coordination  number  on  the  driving  force  for 
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coarsening . ^  For  a  given  dihedral  angle,  particles  with  low 
coordination  numbers  have  boundaries  which  are  convex  (see  Figure 
3,  Case  I) .  For  a  distribution  of  particle  sizes,  there  is  a  net 

driving  force  for  second  phase  atoms  to  move  away  from  the 
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smaller  particles  towards  the  larger  ones  (classic  Ostwald 
ripening) .  At  higher  coordination  numbers  however,  the  tendency 
is  for  the  boundary  curvature  to  be  concave  and  the  driving 
force  is  reversed  (see  Figure  3,  Case  II).  Matter  would  thus 
tend  to  move  away  from  the  larger  particles  and  coarsen  the 
smaller  ones.  Higher  dihedral  angles  will  tend  to  promote  Case  I, 
while  low  dihedral  angles  will  promote  case  II.  In  this  regard, 
the  high  coordination  number  promotes  a  self-stabilized 
micro structure . 

It  should  be  noted  that  because  of  residual  porosity,  the 
experimental  conditions  do  not  represent  an  ideal  situation  for 
model  studies  of  grain  growth.  However,  they  do  provide  a 
quantitative  basis  for  comparison  of  the  presence  of  an 
interpenetrating  second  phase  with  the  effect  of  other  additives. 
For  example,  250  ppm  MgO  lowered  K  for  A1203  by  a  factor  of  50  at 
1600*C*3  In  the  present  case  for  the  AZ50  composite,  K-values 
for  Al203  and  c-Zr02  were  reduced  by  factors  of  160  and  3500, 
respectively  at  1650’C.  The  results  presented  are  consistent 
with  previous  experiments6'7  in  the  Al203:c-Zr02  system  which 
demonstrate  that  grain  growth  restraint  increases  with  volume 
fraction  of  second  phase.  Specifically,  previous  work7  showed 
that  20  volume  percent  Al203  reduced  the  final  grain  size  of  c- 
Zr02,  after  2  hours  at  1650*C,  from  ll  to  3  ym.  In  the  present 
case,  for  the  same  thermal  treatment,  50  volume  percent  A1203 
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decreased  the  c-Zr02  grain  size  from  13  to  1.4  Mm.  A  direct 
comparison  with  previous  results6  for  zirconia  inclusions  in 
alumina  is  not  possible  because  the  grain  size  of  undoped  alumina 
iruithe  present  study  is  significantly  larger  than  that  reported 
by  Lange  and  Hirlinger6  for  a  given  thermal  treatment.  Finally*, 
it  would  be  useful  to  have  a  theoretical  treatment  of  the 
relation  between  matrix  grain  size,  time,  temperature  and  volume 
fraction  of  second  phase.  Many  analyses  of  particulate  restraint 
of  grain  growth  have  been  made?’4  However,  these  analyses 
typically  involve  low  volume  fractions  of  non-interacting 
(isolated)  second  phase  particles.  For  AZ50,  the  conditions  are 
vastly  different,  with  large  second  phase  particles  filling  3- 
and  4-grain  junctions,  occupying  whole  grain  edges  and  forming  a 
continuous  network.  What  is  needed  is  a  model  capable  of 
describing  grain  growth  under  these  conditions.  Such  a  model 
must  properly  account  for  the  interaction  of  the  interpenetrating 
phases,  grain  coordination  and  dihedral  angle  and  might  best  be 
developed  using  computer  simulation?-4 

The  data  presented  in  this  communication  represent  part  of  a 
larger  study  of  the  system  (1-x) A1203 : (x) c-Zr02 .  Preliminary 
results  have  shown  the  room  temperature  strength  and  toughness  to 
follow  a  rule-of-mixtures  of  the  single  phases.  The  grain  growth 
kinetics  and  the  room  and  elevated  temperature  mechanical 
properties  of  other  compositions  in  this  system  are  currently 
being  evaluated. 
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Figure  3.  Illustration  of  the  effect  of 
grain  coordination  number  on  the 
driving  force  for  coarsening. 
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ACCOMPLISHMENT 

CREEP  RESISTANT  FINE  GRAINED  MONOLITHIC  CERAMICS 

One  of  the  main  problems  with  the  use  of  monolithic  ceramic  materials  in  advanced 
aerospace  applications  at  elevated  temperatures  (T  >  1200°C)  is  the  degradation  of 
mechanical  properties.  This  is  due  to  grain  growth,  where  each  individual  particle  making 
up  the  material  enlarges  after  time  at  temperature.  (Strength  is  inversely  proportional 
to  flaw  size,  which  is  usually  related  to  the  grain  size,  thus  fine  grained  materials  are 
stronger,  in  general,  than  coarse  grained  materials.)  Another  problem  at  high  temperature, 
"creep",  where  the  material  will  plastically  deform  under  an  applied  load,  can  be  especially 
severe  in  fine  grained,  stronger  materials.  Researchers  at  Lehigh  University  have 
developed  a  composition  of  50%  alumina  -  50%  cubic  zirconia,  which  they  call  "AZ50", 
that  exhibits  essentially  no  grain  growth  after  100  hours  at  1650°C,  while  the  alumina  and 
cubic  zirconia  grain  size  increased  by  a  factor  of  10  and  40,  respectively  (See  Figure  1). 
The  AZ50  composition  retains  its  strength  after  100  hours  at  1650°C,  while  the  strength 
of  alumina  degrades  by  30%.  Examination  of  the  fracture  surfaces  of  the  AZ50  tested  at 
1150°C  showed  no  evidence  of  creep.  Comparison  with  creep  data  from  other  researchers 
suggests  that  the  creep  resistance  of  AZ50  is  comparable  (if  not  superior)  to  that  of 
commercial  alumina. 

The  high  temperature  hardness  (1200°C)  of  the  AZ50  was  measured  to  be  four  times 
higher  than  cubic  zirconia  and  twenty  five  percent  higher  than  that  of  alumina.  Indentation 
creep  studies  carried  out  at  1200°C  showed  that  AZ50  maintains  its  superior  hardness  at 
long  indentation  times  (See  Figure  2).  Furthermore,  the  damage  that  accumulated  around 
the  diamond  indentor  during  hot  hardness  testing  was  much  less  noticeable  in  the  AZ50 
material  in  comparison  to  the  alumina,  which  was  found  to  be  severely  cracked  (See  Figure 
3).  This  creep  resistance  and  high  hardness,  coupled  with  the  microstructural  stability  of 
AZ50,  lead  the  researchers  at  Lehigh  to  believe  that  the  high  temperature  mechanical 
properties  of  AZ50  are  superior  to  those  of  both  alumina  and  cubic  zirconia. 

These  studies  have  widespread  implications  for  the  development  of  structural 
ceramics  with  superior  high  temperature  mechanical  properties.  A  potentially  important 
practical  application  of  this  work  is  the  fabrication  of  grain-stabilized  fibers  for  uses  as 
reinforcement  in  composite  structures  at  elevated  temperatures.  Conventional  ceramic 
fibers  have  ultra-fine  grain  size,  and  often  suffer  from  grain  growth  during  sintering  or  in 
service  at  elevated  temperatures,  resulting  in  strength  and  toughness  degradation  of  the 
composite.  Fibers  containing  suitable  interpenetrating  phase  mixtures  should  have 
enhanced  resistance  to  grain  growth  and  property  degradation  at  elevated  temperatures. 

While  the  current  work  has  focused  on  50%  alumina  -  50%  cubic  zirconia  as  a  model 
system  to  study,  the  same  benefits  should  be  obtainable  in  many  other  mixed-phase  systems 
whose  high  temperature  properties  may  be  exploited  to  a  much  greater  extent  than  those 
of  the  alumina  -  cubic  zirconia  system. 


Figure  Captions 

1.  a.  Dependence  of  average  grain  size  on  sintering  time  at  1650°C. 

b.  Typical  microstructures,  after  24  hours  at  1650°C;  a)  Single  phase  A1203;  b) 
single  phase  c-Zr02;  and  c)  AZ50. 


3.  Indentation  creep  curves  at  1200°C  for  AZ50  and  A1203. 

4.  SEM  micrographs  of  indentation  sites  (3000#^  1200°C);  a)  AZ50;  b)  A1203. 
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Figure  1.  Average  grain  size  as  a  function  of  sintering  time  at 
1650*C  for  c-Zr02,  AI0O3  and  AZ50.  Note  the  coarsening  resistance 
of  AZ50  compared  to  the  single  phase  materials. 
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Figure  2.  Indentation  sites  in  (A)  AZ50  and  (B)  AI2O3  made  at 
1200'C,  for  1000  seconds  with  a  10  N  load.  There  is  significantly 
less  damage  around  the  indentation  site  in  AZ50  than  Al203. 
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Figure  3.  indentation  creep  of  AZ50  and  Al203  at  1200°C. 
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Coarsening  Resistance .  Hot  Hardness  and  Indentation  Creep  of 

Alumina ; c-Zirconia  and  Alumina: YAG 

It  has  been  shown  in  our  recent  publication  "Coarsening- 
Resistant  Dual-Phase  Interpenetrating  Microstructures"  (see 
section  1.1  of  this  report)  that  the  AZ50  composition  (50  vol% 
Al2®3 '  50  c-Zr02)  exhibits  pronounced  resistance  to  grain 
coarsening  at  1650 CC.  This  is  shown  by  the  marked  decrease  in 
the  grain  growth  rates  (KA1203  and  KZr02^  in  the  re9ion  where 
both  phases  are  interconnected,  Figure  1. 

The  system  A1203 : Y3Alg012 (YAG)  exhibits  similar  behavior  as 
the  Al203:c-Zr02  system.  In  addition,  the  hardness  of  the  AY50 
material  is  approximately  twice  that  of  the  AZ50  material  at 
1200 °C  as  shown  in  Figure  2.  The  indentation  creep  behavior  at 
1200 ° C  for  the  AY50 ,  AZ50  and  single  phase  A1203  and  c-Zr02  are 
shown  in  Figure  3.  It  can  be  seen  that  the  slope  of  the  AY50  and 
AZ50  are  comparable,  but  AY50  has  a  greater  hardness  than  AZ50 
(smaller  indentations  in  AY50  than  AZ50)  for  the  same  indentation 
conditions. 

Our  future  work  in  this  area  is  planned  to  include  charac¬ 
terization  of  the  elevated  temperature  properties  of  the 
A1203:YAG  system  (hardness  and  creep),  and  modelling  of  the 
coarsening  behavior  in  these  interpenetrating  microstructures. 
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Figure  1.  Grain  growth  rate  constants  for  Al^O-,  and  c-Zr0o  as  a 
function  of  c-Zr02  content.  2 
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Figure  2.  Hardness  as  a  function  of  temperature  for  AY50, 
Al203  and  c-Zr02 . 
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ABSTRACT 


The  grain  coarsening  in  a  50:50  volume  percent  Al203:c-Zr02 
composite  is  shown  to  be  severely  limited  even  after  long  heat 
treatments  at  high  temperatures  (100  hours  at  1650*C) .  The 
strength  behavior,  measured  by  an  indentation-strength- in¬ 
bending  (ISIB)  method,  shows  a  "rule-of-mixtures"  type  behavior. 
The  microstructural  stability  at  high  temperatures  yields 
reliability  in  the  mechanical  properties  which  has  important 
implications  with  regard  to  fiber-reinforcement  technology. 


INTRODUCTION 


Duplex  interconnected  microstructures  have  been  used  for 
many  years  in  the  metals  field  for  the  generation  of  fine-grained 
materials  suitable  for  superplastic  forming. [1]  However,  this 
technique  has  not  been  exploited  in  the  field  of  ceramics  for 
producing  microstucturally  stable  materials.  Microstructural 
stability  implies  reliability  of  mechanical  properties,  since 
grain  growth  would  be  limited  during  high  temperature  service. 

To  study  the  microstructural  development  and  mechanical 
properties  of  dual  phase  interconnected  microstructures,  a 
suitable  system  must  be  chosen  in  which  there  is  (a)  limited 
solid  solubility  of  the  two  phases,  and  (b)  no  intermediate 
compounds  between  phases.  The  system  Al^O-jtc-ZrO,  was  selected 
since  it  fulfils  both  these  criteria.  Although  there  has  been  a 
fair  amount  of  previous  work  in  this  system  [2,3],  the  emphasis 
has  been  on  highly  alumina-rich  and  zirconia-rich  compositions. 
Very  little  study  has  been  carried  out  with  compositions  near 
50:50  volume  percent. 


EXPERIMENTAL  PROCEDURE 


Commercial,  high  purity  powders*  were  mixed  in  200-proof 
ethanol  and  ball  milled  for  24  hours  then  air  dried  on  a  hot 
plate.  After  crushing  the  dried  cake,  specimens  for  mechanical 
testing  (25  mm  diameter,  3  mm  thickness)  were  produced  by  die 
pressing/isostatic  pressing  (30  MPa/350  MPa) .  Single-phase 
specimens  were  fabricated  using  the  same  pressing  schedule.  The 
pellets  were  calcined  in  air  for  16  hours  at  1000 *c  followed  by 
sintering.  Table  I  shows  the  sintering  times  and  temperatures 
for  the  three  compositions.  The  sintering  schedule  was  chosen 

♦Sumitomo  AKP-HP  A1203,  Japan;  Tosoh  8Y-Zr02,  Japan. 
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to  produce  a  final  average  grain  size  of  -5  Mm.  Pellets  12  mm 
diameter,  5  mm  thickness  were  also  produced  for  microstructural 
development  studies.  Polished  cross-sections  were  characterized 
using  scanning  electron  microscopy  (SEM) ,  and  average  grain 
sizes  were  determined  using  a  lineal  intercept  technique.  Room 
temperature  strength  was  measured  using  an  indentation-strength- 
in-bending  (ISIB)  technique.  [4,5] 


TABLE  I.  Sintering  schedule  for  single  phase  and  dual-phase 
specimens  for  mecanical  testing. 

Composition  Temperature . *C  Time .  hours 


Al  jOq 
AZ50  J 
c-Zr02 


1650 

1650 

1500 


3 

9 

2 


RESULTS  AND  DISCUSSION 


Figure  1  shows  the  grain  growth  behavior  of  single  phase 
AI2O3,  single  phase  Zr02,  and  the  duplex  AZ50  as  a  function  of 
sintering  time  at  1650*C.  The  sintering  kinetics  were  modelled 
using  the  relation: 


G°-Gq  =  Kt 


(1) 


where  G  is  the  average  grain  size  at  time  t,  n  is  the  grain 
growth  kinetic  exponent,  GQ  is  the  grain  size  at  t  =  0  and  K  is 
a  constant.  The  growth  rate  constants,  for  n  =  3,  appear  in 
Table  II. 


FIGURE  1.  Effect  of  time,  at  1650*C,  on  the  average  grain  size 
of  single  phase  c-Zr02(»),  single  phase  A1203(A;  and  AZ50  - 
A1203  phase (A)  and  c-zr02  phase (o). 
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TABLE  II.  Grain  growth  constants,  for  n  =  3,  for  single  phase 
a^2°3/  sin9le  phase  c- Zr02,  and  each  phase  in  AZ50. 

Composition  KxlO23 .  m3/s 


single  phase  A^2°3 

c-Zr02 

AZ50  A12°3 
C-Zr02 


1200 

27000 

7.3 

7.6 


It  can  be  seen  that  the  presence  of  50  vol%  c-Zr02  (AZ50) , 
lowers  the  grain  growth  constant  of  A1203  by  a  factor  of  160. 

It  should  be  noted  that  kinetic  exponents  from  2  to  6  all 
provided  a  reasonable  fit  (accounted  for  >90%  of  the  variation) 
to  the  data.  However  n  -  3  was  chosen  to  allow  comparison  with 
the  effect  of  MgO  on  the  grain  growth  of  Al203  [6]  ,  where  K  was 
observed  to  decrease  by  a  factor  of  50  at  1600  C.  A  typical 
microstructure  of  the  AZ50  composition  can  be  seen  in  Figure  2, 
where  the  dark  phase  is  A1203  and  the  light  phase  is  c-Zr02. 


FIGURE  2.  Typical  microstructure  of  AZ50  after  100  hours  at 
165CPC. 


Clearly  the  AZ50  duplex  structure  exhibits  dramatic  inhibition 
of  grain  coarsening  relative  to  the  constituent  phases.  The 
underlying  physical  mechanisms  for  this,  together  with  grain 
growth  data  on  other  AZ  compositions  will  be  discussed  in  future 
work.  (7) 

The  strength-indentation  load  results,  Figure  3,  show  a 
"rule-of-mixtures"  like  behavior,  i.e.  the  the  AZ50  graph  of  log* 
-  log  P  is  linear  with  a  slope  of  -1/3,  and  falls  midway  between 
the  single  phase  data.  This  result  suggests  that  grain  boundary 
stresses  due  to  the  thermal  expansion  mismatch  between  Al?03  and 
c-Zr02  play  a  relatively  minor  role  in  the  mechanical  properties 
of  the  composite  at  these  grain  sizes. 
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FIGURE  3.  The  effect  of  composition  on  the  strength  behavior  of 
Al203:c-Zr02  composites. 


SUMMARY 


1)  AZ50  shows  dramatic  coarsening  resistance  even  after  100 
hours  at  1650 *c. 

2)  The  strength  data  (log*  -  log  P)  shows  a  "rule-of- 
mixtures"  type  behavior  with  the  strength  of  the  AZ50 
intermediate  between  that  of  the  single  phases. 

3)  The  microstructural  stability  of  a  dual-phase 
microstructure,  such  as  AZ50  could  be  applicable  to  fiber 
technology,  where  fiber  coarsening  could  be  controlled  or 
possibly  eliminated. 
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Abstract 

Composites  of  A1203,  A,  and  cubic  Zr02,  Z,  (8  mol%  Y203), 
with  c-Zr02  volume  fractions  ranging  from  zero  to  one,  were 
fabricated  by  pressureless  sintering  of  mechanically  mixed  pow¬ 
ders.  These  AZ  composites  exhibit  duplex  microstructures  (both 
phases  are  of  similar  size  and  shape)  which  at  high  volume  frac¬ 
tions  are  very  resistant  to  grain  coarsening  at  elevated  tempera¬ 
tures.  Room  temperature  mechanical  properties  including  elastic 
modulus  (determined  from  elastic  wave  velocity  measurements) , 
strength,  toughness  (indentation-strength-in-bending)  and  Vickers 
hardness,  all  are  liearly  related  to  the  volume  fraction  of 
second  phase.  Fracture  toughness  did  not  exhibit  R-curve  behav¬ 
ior  since  the  strength  of  indented  discs  was  proportional  to 
(indentation  load)-1/3.  Fracture  morphology  changed  from  essen¬ 
tially  intergranular  for  the  tougher  A1203  to  transgranular  for 
c-Zr02  with  AZ  composites  exhibiting  mixed  morphology. 
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1.  Introduction 


Much  of  the  interest  in  duplex  microstructures  has  focused 
on  superplasticity  and  control  of  grain  growth  [1-10].  For  many 
years,  dual  phase  metallic  microstructures  have  been  found  to  be 
suitable  for  superplastic  forming  [10-12].  The  intimate  mixing 
of  the  phases  provides  a  fine  grain  size  which  is  stable  at  the 
forming  temperature.  Recently,  superplasticity  has  also  been 
found  to  be  exhibited  by  fine-grained  ceramics  (both  single  phase 
and  dual  phase  microstructures)  [13].  In  the  case  of  non¬ 
transforming  ceramics,  there  have  been  few  systematic  studies  of 
the  effects  of  volume  fraction  on  the  properties  ceramic  compos¬ 
ites  [14-16].  The  present  work  was  intented  to  provide  such  a 
data  base  for  the  Al203:c-Zr02  system. 

In  a  previous  study  [17]  it  was  shown  that  an  interconnected 
microstructure  in  the  Al203:c-Zr02  system  resists  coarsening  at 
high  temperatures.  It  is  felt  that  the  high  volume  fraction  of 
second  phase  in  these  duplex  microstructures  is  a  key  factor  for 
the  microstructural  stability  at  high  temperatures.  The  Al203:c- 
Zr02  system  is  considered  a  model  system  in  that  both  phases  are 
mutually  insoluble,  there  are  no  intermediate  phases,  pressure¬ 
less  sintering  produces  composites  with  near  theoretical  densi¬ 
ties,  and  the  phases  are  thermally  and  chemically  stable  over  the 
entire  temperature  range  below  the  eutectic  temperature  (1710*C) . 

The  purpose  of  this  study  was  to  characterize  the  room  tem¬ 
perature  mechanical  properties  (elastic  modulus,  strength,  tough¬ 
ness  and  hardness)  of  xAl203 : (1-x) c-Zr02  composites  over  the  full 
range  of  compositions.  High  temperature  mechanical  properties 
will  be  presented  elsewhere  [18].  Although  limited  work  exists 
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on  duplex  crystalline  microstructures,  there  have  been  many 
studies  of  the  mechanical  properties  of  two-phase  ceramic  compos¬ 
ites  consisting  of  crystalline  ceramic  particles  dispersed  in 
glas~  matrices  [19-30],  The  results  of  this  study  will  be  com¬ 
pared  with  this  body  of  literature. 

2.  Experimental  Procedure 

2.1  Specimen  Fabrication 

Commercial  high -purity  alumina  (Sumitomo  AKP-HP)  and  cubic 
zirconia  (Tosoh  8Y-Zr02)  powders  were  mechanically  mixed  to 
generate  (1-x) Al203 : (x) c-Zr02  composites  (where  x  is  the  volume 
fraction) .  Clean  room  processing  was  used  throughout  the  powder 
preparation,  details  of  which  are  outlined  elsewhere  [17], 
Specimens  were  uniaxially  pressed  in  a  cylindrical  die,  3.18  cm 
diameter,  at  a  pressure  of  30  MPa,  followed  by  isostatic  pressing 
at  350  MPa.  The  green  pellets  were  placed  in  alumina  crucibles 
packed  with  loose  powder  of  the  major  phase  composition.  The 
specimens  were  calcined  in  air  at  1000 *C  for  24  hours  to  burn  off 
carbonaceous  compounds  present  and  prevent  bloating  during  sin¬ 
tering.  The  sintering  temperature  and  time  were  adjusted  for 
each  composition  to  generate  a  grain  size  of  3-6  microns  for  the 
major  phase,  Table  I.  After  removal  from  the  packing  powder,  the 
discs  were  polished  to  a  1  p  finish  using  standard  metallograph- 
ic  techniques. 

2.2  Mechanical  Testing 
i)  Elastic  Properties 

The  elastic  properties  (modulus  of  elasticity  an  Poisson's 
ratio)  were  measured  by  the  elastic  wave  velocity  technique  on 
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discs  of  each  composition.  Single  phase  discs  were  hot  pressed 
to  eliminate  the  typical  2%  residual  porosity  which  would  signif¬ 
icantly  reduce  the  elastic  properties. 

ii)  Hardness 

For  each  composition,  8  to  10  room  temperature  hardness 
measurements  were  made  using  a  Vickers  indenter  with  10  N  load 
and  10  second  dwell  time.  Hardness  values  were  determined  from 
the  equation: 

H  =  2Psin(0/2)/d2  (1) . 

where  H  is  the  hardness  in  GPa,  P  is  the  indentation  load,  e  is 
the  angle  between  opposite  faces  of  the  indenter  (for  Vickers, 
0=136*)  and  d  is  the  indentation  diagonal  length.  An  indentation 
load  of  10  N  was  chosen  to  provide  impressions  significantly 
larger  than  the  grain  size. 

iii)  Indentation-strength-ln-Bending 

The  introduction  of  controlled  flaws  to  test  the  intrinsic 
strength  of  ceramics  is  well  established  [30,31].  The  introduc¬ 
tion  of  a  well-defined  flaw,  such  as  that  produced  with  a  Vickers 
indentation,  can  minimize  variability  in  the  strength.  This  type 
of  flaw  simulates  the  contact  damage  which  is  likely  to  occur 
during  machining  and  in  service. 

The  center  of  each  disc  was  indented  using  a  Vickers  indent¬ 
er  loaded  to  various  levels  (2,  5,  10,  50  and  100  N)  for  a  dwell 
time  of  15  seconds.  A  drop  of  silicone  oil  covered  the  indenta¬ 
tion  site  to  minimize  subcritical  crack  growth  from  water  vapor. 
The  discs  were  then  broken  in  biaxial  flexure  (punch-on-three- 
ball-support)  ,  in  an  Instron  servo-hydraulic  testing  machine  in  7 
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-  15  milliseconds  to  eliminate  possible  environmental  effects. 
Typically,  4  to  5  discs  of  each  composition  were  tested  at  each 
indentation  load. 

2.3  Characterization  -  SEM  Observations 

Broken  pieces  from  mechanical  testing  were  thermally  etched 
in  air  (1450*C  -  90  minutes)  to  reveal  the  crack  path  through  the 
microstructure.  An  indentation  load  of  100  N  was  used  to  gener¬ 
ate  the  cracks.  Scanning  Electron  Microscopy  (SEM)  was  used  to 
observe  the  indentation  cracks.  The  specimens  were  sputter 
coated  with  Au-Pd  to  prevent  charging  in  the  SEM  (ETEC  Corpora¬ 
tion)  .  Thermally  etched  surfaces  provided  a  better  indication  of 
the  nature  of  the  crack  propagation  behavior  (inter-  or  trans- 
granular)  than  as-polished  surfaces. 

3.  Results 

3.1  Elastic  Modulus  and  Poisson's  Ratio 

Figure  1  shows  the  behavior  of  the  modulus  of  elasticity  for 
the  composites.  It  can  be  seen  that  the  modulus  decreases  lin¬ 
early  with  increasing  c-Zr02  content.  Also  plotted  in  Figure  1 
are  the  predicted  curves  (dashed)  from  series  and  parallel  models 
for  composite  elastic  behavior.  Poisson's  ratio  for  the  seven 
compositions  appear  in  Table  II. 

3.2  Hardness 

As  was  true  for  the  elastic  modulus,  the  room  temperature 
hardness.  Figure  2,  decreases  linearly  with  increasing  c-zr02 
content.  The  single  phase  materials  had  to  be  hot-pressed  to 
achieve  full  density.  Without  hot-pressing,  these  materials 
contained  approximately  2%  residual  porosity  which  lowered  the 
hardness  by  about  10%. 
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3 . 3  Strength 

Figure  3a  shows  the  room  temperature  fracture  strength- 
indentation  load  behavior  of  the  AZ  composites.  The  equations 
used  for  calculating  the  strength,  based  on  the  load  at  failure 
and  specimen  geometry,  appear  in  Appendix  I.  The  strength-inden¬ 
tation  load  behavior  of  materials  which  do  not  exhibit  R-curve 
behavior  (increasing  fracture  resistance  with  increasing  crack 
length)  will  follow  the  relation  [31,32]: 

a  a  p-1/3  (2) . 

where  a  is  the  fracture  strength  for  a  given  indentation  load  P. 
It  can  clearly  be  seen  that  the  strength  data  in  Figure  la  follow 
such  a  p"1/3  relation  for  all  compositions.  The  same  data  (when 
plotted  as  fracture  strength  verses  volume  fraction  c-Zr02)  also 
shows  that  for  all  indentation  loads  the  composite  strength 
decreases  linearly  with  increasing  c-Zr02  content  (Figure  3b) . 

3 . 4  Toughness 

Since  the  strength- indentation  load  behavior  follows  a  p-1/3 
relation,  the  fracture  toughness  can  be  calculated  from  the 
strength  data  with  the  equation  [32]: 

Kc  =  n(E/H)1/8(<7pl/3j3/4  (3). 

where  n  is  a  material-independent  geometrical  constant,  which  was 
experimentally  determined  by  Chantikul  et  al.  [32]  to  be  0.59  ± 
0.12,  E  is  the  elastic  modulus  and  H  is  the  hardness  and  a  is  the 
strength  for  a  given  indentation  load  P. 

The  fracture  toughness  (Kc)  of  the  AZ  composites  also  exhib¬ 
its  a  linear  decrease  in  toughness  with  increasing  c-Zr02  con¬ 
tent,  Figure  4.  since  the  strength  and  toughness  values  for  the 
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composites  were  not  determined  independently,  and  the  relation 
between  them  is  nonlinear  (Kc  o  a3/4)  both  properties  cannot 
strictly  follow  a  linear  behavior.  Apparently,  the  3/4  exponent 
is  not  sufficiently  different  from  unity  to  cause  significant 
curvature  in  Figure  4.  The  plotted  error  bars  represent  +  and  - 
one  standard  deviation  about  the  average  strength  at  the  various 
indentation  loads.  The  error  in  Kc  does  not  include  the  varia¬ 
tion  in  the  constant  n,  since  the  trend  of  the  data  is  of  primary 
interest,  rather  than  the  absolute  toughness  values. 

\ 

Since  the  strength  values  follow  a  P”1/3  dependence,  these 
composites  do  not  show  R-curve  behavior  (rising  fracture  resist¬ 
ance  with  crack  size) .  A  possible  explanation  is  that  grain 
bridging  behind  the  crack  tip  is  not  as  important  for  these  fine¬ 
grained  AZ  composites  as  for  coarser  grained  ceramics  [33,34]. 

Figure  5  shows  that  cracks  propagate  mostly  intergranularly 
in  single  phase  Al203.  As  the  c-Zr02  content  increases  the 
amount  of  transgranular  fracture  increases.  In  single  phase  c- 
Zr02,  the  fracture  path  is  all  transgranular.  Indentation  cracks 
were  observed  on  polished  (and  thermally  etched)  surfaces  rather 
than  fracture  surfaces  because  the  relative  amounts  of  inter-  and 
transgranular  fracture  are  more  clearly  discernable. 

4.  Discussion 

4.1  Elastic  Modulus,  Strength  and  Toughness 

The  trend  of  the  room  temperature  mechanical  properties  for 
these  composites  is  simple,  the  composite  properties  follow  a 
linear  behavior  between  the  single  phases.  From  the  fracture 
toughness,  Kc,  and  the  modulus  of  elasticity,  Ec,  the  fracture 
surface  energy,  2^c,  (or  Gc)  of  each  composition  can  be  calculat- 
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ed  with  the  relation: 


2*c  =  k2/ec  (4). 

Figure  6  shows  2$c  as  a  function  of  c-Zr02  content.  We  see  here 
that  the  behavior  is  slightly  non-linear;  specifically,  2 tc  does 
not  change  appriciably  below  25  vol%  c-Zr02.  The  fracture  sur¬ 
face  energy  of  an  two-phase  composite  per  unit  crack  area,  Gc, 
can  be  written  as  follows: 

Gc  =  GXAX  +  G2A2  +  G12A12  (5)  . 

where  G1#  G2,  Ai,  A2  are  the  fracture  surface  energies  and  area 
fractions  of  the  two  phases,  G12  is  the  interfacial  energy  be¬ 
tween  the  two  phases,  and  A12  represents  the  inter facial  area 
fraction.  If  we  make  some  simplifying  assumptions,  such  as  the 
interaction  term  being  negligable  and  the  area  fraction  equal  to 
the  volume  fraction,  we  arrive  at  a  linear  behavior  between  the 
two  phases.  However,  from  the  indentation  crack  behavior  of  the 
composites  (Figure  5)  it  can  be  seen  that  the  interaction  term 
and  the  mode  of  failure  cannot  be  ignored.  Significant  portions 
of  the  cracks  are  transgranular  Al203  fracture  (little  of  which 
is  seen  in  the  single  phase  A1203)  and  interphase  fracture. 

Since  the  A1203  exhibits  two  types  of  fracture  behavior  in  the 
composites,  a  fourth  term  would  be  needed  which  accounts  for  both 
failure  morphologies.  That  is: 

GC  =  gaaa  +  gaaa  +  GZAZ  +  GAZAAZ  (6)* 

where  the  superscipts  designate  the  inter-  and  transgranular 

fracture  of  A1203.  It  is  believed  that  the  interaction  term  in 

equation  (6)  and  the  dual  nature  of  the  Al203  fracture  behavior 

lead  to  the  nonlinearity  of  the  fracture  surface  energy  behavior 
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as  a  function  of  volume  fraction  in  these  composites. 

Since  the  mechanical  properties  all  decrease  linearly  with 
increasing  c-Zr02  content,  one  might  consider  a  mixing  rule  to 
describe  the  behavior.  However,  for  the  AZ  system  the  difference 
between  the  series  and  parallel  mixing  models  is  so  small  that 
either  model  could  be  used  to  represent  the  data. 

It  is  pertinent  to  show  how  the  present  findings  for  the  AZ 
system  compare  with  those  of  other  studies  of  duplex  microstruc¬ 
tures.  The  linear  change  of  mechanical  properties  with  volume 
fraction  can  be  seen  as  a  common  thread  in  nontransforming  par¬ 
ticulate  ceramic  composites.  It  should  be  noted  that  the  linear 
behavior  seems  to  occur  in  the  simplest  cases  (such  as  fine  grain 
sizes  and  homogeneous  microstructures  of  theoretical  density) . 
Complications  occur  when  the  microstructure  becomes  more  complex, 
such  as  large  grain  sizes,  participated  with  large  aspect  rati¬ 
os  ,  etc . . 

Lange  [14]  reported  fairly  linear  behavior  for  the  toughness 
variation  of  Al203:c-Zr02  composites  with  volume  fraction  of 
second  phase.  Differences  with  present  findings  are  that  his 
values  are  somewhat  higher  and  exhibited  a  minimum  toughness  at 
80  vol%  c-Zr02  (the  toughness  of  single  phase  c-Zr02  was  signifi¬ 
cantly  higher  than  expected) .  The  systematic  error  in  the  con¬ 
stant  n  in  Equation  (3)  and  the  fact  that  Lange's  data  was  meas¬ 
ured  from  indentation  crack  length  measurements,  preclude  direct 
comparision  of  the  toughness  values  with  present  findings.  Lange 
postulated  that  the  toughness  minimum  was  due  to  unfavorable 
residual  stresses  arising  from  the  thermal  expansion  mismatch 
(cf.  "8 . 4x10”®/ *C  for  A1203  and  '10xl0~6/*C  for  c-Zr02) .  Howev- 
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er ,  no  effect  was  seen  at  the  low  c-Zr02  end  (where  favorable 
residual  stresses  would  be  expected)  of  his  toughness  data.  From 
the  present  results,  it  is  believed  that  the  toughness  of  the 
composite  is  simply  related  to  the  volume  fraction  of  each  phase, 
and  residual  stresses  have  little  effect  at  the  fine  grain  sizes 
tested.  Lange  also  showed  a  linear  behavior  for  the  modulus  of 
as  a  function  volume  fraction  of  t-Zr02  (2.5  mol%  Y203)  in  A1203. 

Yuan  et  al.  (15)  showed  a  linear  increase  in  fracture 
strength  of  MgO  with  Zr02  additions.  At  40  vol%  Zr02,  they 
reported  a  fracture  strength  of  300  MPa  and  toughness  of  3.0 
MPa/m  (8  mol%  CaO  was  added  to  produce  c-Zr02) .  The  extrapolated 
value  of  strength  for  c-Zr02  from  the  CaO  doped  samples  was  450 
MPa.  These  values  were  determined  from  four-point  bend  specimens 
(unindented) .  Based  on  the  low  indentation  load  value  of  frac¬ 
ture  strength  of  c-Zr02  (250  MPa)  in  the  present  data  set,  the 
extrapolated  value  from  the  Yuan  et  al.  data  is  not  unreasonable. 
Kang  and  Kim  [16]  reported  an  increase  in  toughness  with  increas¬ 
ing  B4C  additions  to  TiB2  up  to  20  vol%,  but  toughness  decreased 
slightly  at  30  vol%  due  to  increased  porosity.  Fracture  strength 
of  polished  bars  showed  a  maximum  at  the  10  vol%  B4C  composition. 
The  strength  reduction  above  10  vol%  was  attributed  to  abnormally 
large  B4C  grains  present  in  the  higher  volume  fraction  composi¬ 
tions. 

Linear  changes  in  strength  and/or  toughness  with  volume 
fraction  of  second  phase  have  also  been  reported  for  glass  matri- 
cies  reinforced  with  crystalline  particulates.  Swearengen  et  al. 
(19)  showed  that  for  25  /xm  A1203  spheres  in  a  sodium  borosilicate 
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glass,  Kjc  Increased  linearly  with  increasing  A1203  content 
regardless  of  the  thermal  expansion  difference  (0^1203  “  “glass) 
which  was  adjusted  to  vary  from  -3.7xl0“6  to  +4  x  10“6/*C. 
Extrapolation  of  the  toughness  to  single  phase  A1203  gives  a 
toughness  value  of  approximately  5  MPa7m  which  is  a  reasonable 
value  based  on  literature  values  [14,33].  Lange  [20]  reported  a 
linear  increase  in  fracture  strength  of  composites  with  fine  (3.5 
Urn)  A1203  additions  to  glass.  Larger  Al203  spheres  (11  and  44 
urn)  showed  non-linear  behavior,  due  to  the  larger  flaws  intro¬ 
duced  by  larger  particles.  Fracture  energy  as  a  function  of 
volume  fraction  was  nonlinear;  remaining  constant  beyond  20  vol% 
A1203.  However,  this  finding  was  confounded  by  fact  that  the 
amount  of  porosity  incresed  with  increasing  Al2o3  content.  Lange 
discussed  the  conflicting  processes  of  increased  crack-front 
pinning  and  introduction  of  larger  flaws  due  to  the  addition  of 
large  (higher  modulus)  particles.  Others  have  also  published 
similar  linear  increases  of  fracture  strength  of  glass  with 
increasing  crystalline  particulate  additions  [21,22]. 

Much  of  the  fracture  strength  data  reported  [23-29]  for 
glass-crystalline  composites  could  not  be  compared  with  the 
present  results  due  to  the  differences  in  the  testing  techniques. 
In  previous  data  [23-29],  based  on  flaw  size  criteria  where  the 
flaw  population  in  the  glass  is  controlled  by  the  particle  spac¬ 
ing  (or  particle  size) ,  failure  is  controlled  by  flaws  induced  by 
the  presence  of  large  inclusions.  In  the  case  of  indentation- 
strength-in-bending,  one  well  defined  flaw  is  introduced  as  the 
source  of  failure,  regardless  of  the  surface  flaw  population. 

4.2  Hardness 
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Miyata  and  Jinno  [30]  provided  data  for  the  glass  system  PbO 
-  B203,  corroborating  their  theoretical  model  to  predict  the 
hardness  behavior  of  glass-crystalline  composites  based  on  the 
stress  intensity  surrounding  a  spherical  inclusion  and  a  simpli¬ 
fying  equation  which  relates  hardness  to  the  modulus  and  the 
yield  stress.  However,  when  their  hardness  data  is  replotted  as 
a  function  of  volume  fraction  (from  0  to  100%  PbO  phase),  the 
data  approximate  to  a  linear  behavior  between  the  two  single 
phases  with  hardness  increasing  with  increasing  PbO  content. 

Lange  [14]  also  reported  a  linear  decrease  in  hardness  of 
Al203:t-Zr02  (2.5  mol%  Y203)  as  a  faction  of  t-Zr02  content. 

Conclusions 

Based  on  the  present  study  of  the  mechanical  behavior  of  the 
Al203:c-Zr02  (AZ)  ceramic  composite  system,  the  following  conclu¬ 
sions  can  be  made: 

1.  Room  temperature  properties  including  elastic  modulus, 
strength,  toughness  and  hardness  decrease  linearly  with  increas¬ 
ing  volume  fraction  c-Zr02. 

2.  The  AZ  composites  showed  no  R-curve  behavior  -  fracture 
strength  was  proportional  to  (indentation  load)-1/3.  The  fine 
grain  size  of  the  composites  may  have  inhibited  toughening  mecha¬ 
nisms  such  as  grain  bridging  behind  the  crack  tip. 

3.  Fracture  morphology  changed  progressively  with  volume 
fraction  of  second  phase,  from  intergranular  for  the  tougher 
A1203  to  transgranular  for  the  c-Zr02  with  composites  exhibiting 
a  mixed  behavior. 
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Appendix  I . 

The  fracture  stress,  c,  was  calculated  using  the  equation 
proposed  by  Watchman  et  al.  [35],  which  states: 

a  =  -3P/(47rd2)  (X-Y)  (5)  . 

with: 

X  =  (1+V) ln(B/C) 2  +  ((l-U)/2) (B/C)2  (5.1). 

Y  =  (1+P)  (l+ln(A/C)2)  +  (1-V)(A/C)2  (5.2). 

where  P  is  the  load  at  failure,  d  is  the  specimen  thickness,  V  is 
Poisson's  ratio,  A  is  the  radius  of  the  support  circle,  B  is  the 
radius  of  the  loaded  area  and  C  is  the  specimen  radius. 

A  correction  proposed  by  de  With  and  Wagemans  [36]  was  ap¬ 
plied  due  to  the  thickness  of  the  specimens  relative  to  the  punch 
radius.  The  correction  was: 

b  =  (1.6z2+t2) 1/2  -  0 . 675t  (6). 

where  b  is  the  radius  of  uniform  loading  (which  was  assumed  by 
Watchman  et  al.  to  be  equal  to  the  punch  radius  z) ,  and  t  is  the 
specimen  thickness.  This  corrected  value,  b,  was  then  substitut¬ 
ed  into  equations  10.1  and  10.2  for  the  variable  B.  This  correc¬ 
tion  is  necessary  for  thinner  specimens  due  to  the  greater  amount 
of  flexing  of  the  specimen  under  the  applied  load  [36],  As  the 
amount  of  bending  of  the  sample  (prior  to  failure)  changes,  the 
area  under  constant  loading  changes. 
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Table  I.  sintering  conditions  for  the  Al^Ojrc-ZrOj  composites. 
All  specimens  were  fired  in  air. 


Temperature.  *C 

Time,  hours 

AI2O3 

1650 

3 

AZ5,  AZ25 

AZ50,  AZ75 

1650 

9 

AZ95 

1550 

6 

c-Zr02 

1500 

2 

Table  II.  Poisson's  ratio  for  the  Al203:c-Zr02  composites 


Composition 

Poisson's  Ratio 

0.197 

AZ5 

0.210 

AZ25 

0.249 

AZ50 

0.268 

AZ75 

0.286 

AZ95 

0.312 

c-Zr02 

0.310 
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Figure  1.  Elastic  modulus  as  a  function  of  volume  fraction  c-ZrO 
for  the  Al203:c-Zr02  composites,  measured  by  elastic  wave  veloci 
ty.  Series  and  parallel  mixing  models  (dashed  curves)  are  pre¬ 
sented  for  comparison.  Solid  curve  represents  the  best  fit  line. 
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Figure  2.  Vickers  hardness  as  a  function  of  c-Zr02 
the  AZ  composites. 
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Figure  3.  Fracture  strength  plotted  as  a  function  of  (a)  indents 
tion  load  and  (b)  volume  fraction  c-Zr02  for  the  AZ  composites. 
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Figure  3.  Fracture  strength  plotted  as  a  function  of  (a)  indenta¬ 
tion  load  and  (b)  volume  fraction  c-Zr02  for  the  AZ  composites. 
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Figure  4.  Fracture  toughness  as  a  function  of  c-Zr02  content  for 
the  AZ  composites,  measured  from  the  strength-indentation  load 
data  presented  in  Figure  3. 


Figure  5.  Typical  indentation  crack  behavior  for  (a)  single  phase 
A120j,  (b)  AZ5,  (c)  AZ25,  (d)  AZ50,  (e)  AZ75,  (f)  AZ95  and  (g) 
single  phase  c-Zr02. 


Figure  5.  Typical  indentation  crack  behavior  for  (a)  single  phase 
A120-,,  (b)  AZ5 ,  (c)  AZ25 ,  (d)  AZ50,  (e)  AZ75,  (f)  AZ95  and  (g) 
single  phase  c-Zr02. 
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Figure  6.  Fracture  surface  energy,  2tc,  as  a  function 
content  for  the  AZ  composites. 
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1.6  Mechanical  Behavior  of  the  Aluaina-Mullite  system 

One  of  the  major  toughening  mechanisms  responsible  for  R-curve 
behavior  in  non-transforming  ceramics  is  grain  localized  bridging. 
Individual  bridging  grains  in  the  wake  of  the  crack  tip  act  in  a 
similar  manner  to  reinforcing  fibers  in  composite  materials. 

They  support  a  proportion  of  the  applied  load,  thereby  reducing  the 
effective  stress  level  at  the  crack  tip.  As  the  crack  extends  more 
ligamentary  grains  become  available  to  help  support  the  load  and 
the  apparent  toughness  continues  to  increase  until  a  steady  state 
value  is  acquired. 

In  order  for  such  load  shielding  to  occur  the  bridging  grains 
must  be  held  in  place  across  the  opposing  crack  faces.  Several 
researchers  have  proposed  that  this  takes  place  in  non-cubic, 
monolithic  materials  by  clamping  stresses  which  result  in 
frictional  traction  sites.  These  localized  compressive  stresses  are 
generated  due  to  differing  amounts  of  thermal  contraction  on 
cooling  of  the  anisotropic,  crystalline  grains.  They  play  an 
important  role  in  promoting  flaw  tolerant  behavior. 

The  addition  of  mullite  (3A1203. 2SiOz)  to  alumina  provides  a 
means  of  augmenting  these  residual  stresses  in  a  controlled  manner. 
The  combination  of  substantial  thermal  expansion  mismatch  between 
mullite  and  alumina  and  the  thermal  expansion  anisotropy  of  the  two 
phases  is  estimated  to  yield  a  residual  grain  boundary  stress  of 


approximately  1  GPa.  This  is  greater  than  4  times  that  for  single 
phase  alumina  and  is  intermediate  to  that  achievable  by  aluminum 
titanate  additions. 

Another  key  microstructural  element  required  for  bridging  type 
R-curve  behavior  is  sufficient  ligament  size  to  span  the  crack 
opening.  This  is  where  the  alumina-mull ite  system  may  have  a 
significant  advantage  over  other  dual  phase  systems.  The 
homogeneous  microstructure  may  be  coarsened,  or  scaled  up, 
substantially  by  heat  treatment  above  1800°C.  This  is  not  the  case 
for  alumina-zirconia  because  of  grain  growth  inhibition,  and  the 
inability  to  heat  treat  the  structure  above  1710°C  due  to  the 
alumina-zirconia  eutectoid  reaction.  For  alumina-aluminum  titanate 
the  limitation  on  grain  size  is  about  8pm  because  of  spontaneous 
microcracking  due  to  the  magnitude  of  thermal  expansion  residual 
stress.  Bridges  in  this  case  must  be  provided  by  heterogeneous 
agglomerates.  The  limit  for  grain  size  due  to  microcracking  in  the 
alumina-mullite  system  is  predicted  to  be  64pm  which  would  enable 
grains  to  bridge  the  wake  of  a  crack  for  several  millimeters. 

The  recent  availability  of  high  purity  mullite  powders  have 
made  it  possible  to  produce  dense  alumina-mullite  microstructures 
via  conventional  powder  processing  routes.  Cleanliness  was  ensured 
by  use  of  a  class  A-100  laminar  flowhood  for  each  powder 
preparation  step.  Powder  combinations  where  mixed  in  a  wet  ball 
milling  operation,  dried,  and  deagglomerated  by  crushing.  Pellets 
were  uniaxially  pressed  and  then  wet-bag  isostatically  pressed. 


before  calcining  and  final  sintering.  Dual  phase  alumina-mullite 
ceramics  have  been  produced  in  a  full  range  of  compositions;  5,  25, 
50,  75,  and  95  vol.%,  with  densities  in  excess  of  98.5%  (Fig.l). 
Coarsening  of  these  homogeneous  microstructures  has  produced  grains 
of  up  to  approximately  20jum. 

The  mechanical  behavior  of  these  structures  is  being  assessed 
by  the  indentation-strength-in-bending  technique.  This  test  is 
particularly  suited  to  determining  a  material's  response  to  real 
flaws,  such  as  those  resulting  from  processing  defects  or  in- 
service  damage.  Fine  grained  (3/im)  alumina-50wt. %  mullite  was  found 
to  exhibit  close  to  classical  P'1/3  behavior  without  a  significant 
plateau  region  (Fig. 2).  However,  flaw  tolerant  R-curve  behavior  is 
anticipated  for  the  coarser  microstructures. 

The  effect  of  heterogeneity  may  also  be  investigated  for  this 
system  by  producing  agglomerated  phases,  dispersed  within  a 
homogeneous  duplex  matrix.  Such  a  study  would  then  parallel  the 
work  done  on  the  alumina-aluminum  titanate  system  which  displays 
significant  R-curve  behavior. 

Mullite  is  also  known  for  its  creep  resistance  and  high- 
temperature  strength  so  that  the  alumina-mullite  duplex  system  may 
exhibit  advantageous  high  temperature  mechanical  properties.  Thus, 
this  system  has  the  potential  to  complement  the  research  performed 
on  the  alumina-zirconia  duplex  materials. 


Fig.  l.  Optical  micrograph  of  alumina- 
50  wt.%  mullite  composite. The 
lighter  phase  is  alumina. 


Fig.  2.  Biaxial  flexure  strength  versus 
Vickers  indentation  load  for 
fine  grained  (3um)  alumina- 
50  wt.%  mullite. 
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Controlled  Microstructural  Inhomoaeneitv  for  Improved  Flaw  Tolerance 
It  has  been  found  that  room  temperature  flaw  tolerance  can 
be  enhanced  in  a  dual-phase  ceramic  through  the  addition  of 
controlled  inhomogeneities.  Due  to  the  differential  thermal 
expansion  between  the  two  phases,  these  inhomogeneous  sites  can 
act  as  crack  bridging  sites  during  fracture,  thus  improving  flaw 
tolerance.  This  was  accomplished  in  the  Al203:c-Zr02  system 
through  the  addition  of  50  vol%  of  50  micron  spray-dried  A1203 
agglomerates  to  conventional  c-Zr02  powder.  Typical  microstruc¬ 
tures  of  homogeneous  and  inhomogeneous  AZ50  can  be  seen  in  Figure 
1.  The  strength-indentation  load  response  for  the  inhomogeneous 
AZ50  material  shows  a  slight  improvement  in  flaw  tolerance, 
Figure  2.  This  effect  is  even  more  pronounced  in  the  system 
Al203 :Al2Ti05,  where  the  differential  thermal  expansion  between 
the  two  phases  is  larger  than  Al203 :c-Zr02 ,  Figure  3. 


Figure  2.  Strength-indentation  load  responses  for  homogeneous  and 
inhomogeneous  AZ50. 


3.  Strength-indentation  load  responses  for  homogeneous  and 
inhomogeneous  AAT20  (80  vol%  A1203,  20  vol%  Al2Ti05) .  Note  the 
severe  flaw  tolerance  of  the  inhomogeneous  microstructure. 
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ABSTRACT 

Fabrication  of  particulate-reinforced  Al203 -Al2Ti05 
composites ,  with  controlled  homogeneous  and  heterogeneous 
microstructures,  is  described.  The  degree  of  flaw- tolerance  in 
these  composites,  as  determined  by  indentation- strength  testing, 
is  enhanced  by  the  strong  thermal  expansion  anisotropy  stresses 
associated  with  the  Al2Ti05  particles  and  by  the  scale  of  the 
microstructure.  In  situ  scanning  electron  microscope  observations 
of  bridging  grains  at  propagating  cracks  in  the  microstructure  are 
analyzed.  The  role  of  key  microstructural  elements  in  the 
underlying  toughness -curve  behavior  responsible  for  the  flaw- 
tolerance  is  discussed. 

INTRODUCTION 

Researchers  in  recent  years  have  demonstrated  R-curves,  i.e. 
an  increasing  crack  resistance  with  crack  size,  in  A1203 -based 
ceramics  [1-3].  A  most  important  manifestation  of  this  property 
is  "flaw  tolerance",  i.e.  near- invariance  in  strength  over  a  broad 
range  of  flaw  sizes.  The  major  toughening  mechanism  responsible 
for  R-curve  behavior  in  Al203  ceramics  has  been  identified  as 
grain- localized  bridging  of  the  crack-wake  interface  [2,4].  The 
bridging  grains  are  "clamped"  in  the  matrix  by  internal 
compressive  stresses  from  thermal  expansion  anisotropy  (TEA) , 
which  augment  frictional  closure  tractions  from  pullout  during 
crack  propagation  [5],  Further  to  internal  stresses, 
microstructural  scaling  parameters  appear  as  important  variables 
in  the  ensuing  toughness  equation  [5]. 

The  present  paper  reports  on  processing  strategies  to 


optimize  the  effect  of  TEA  stresses  and  microtructural  scaling  on 
the  R-curve.  TEA  in  monophase  Al203  is  relatively  small,  but  can 
be  enhanced  by  the  incorporation  of  a  suitable  second  phase. 
Al2Ti05  was  chosen  in  this  study  because  it  has  large  TEA;  it 
also  has  low  solubility  in  Al203 ,  and  does  not  form  intermediate 
phases  [6-8].  Estimates  of  the  internal  stress  in  Al203  -Al2Ti05 
yield  «  3  GPa  [8],  greater  than  in  A1203  by  a  factor  =  10. 

The  simplest  way  to  scale  up  ceramic  microstructures  is  by 
heat  treatments  [8,9,11].  However,  coarsening  of  ceramics 
containing  Al2Ti05  is  severely  restricted  by  an  enhanced  tendency 
to  spontaneous  microcracking  [8].  To  circumvent  this  problem 
scaling  was  achieved  through  controlled  additions  of  large  A1203 
grains  within  an  otherwise  fine-grained  Al203 -Al2Ti03  matrix. 

It  will  be  seen  in  the  subsequent  sections  that  the  tailored 
A1203 -Al2Ti05  composites  show  profoundly  enhanced  flaw  tolerance, 
hence  stronger  R-curves. 

EXPERIMENTAL 

Conventional  ceramic  processing  routes  were  used  to  fabricate 
80/20  vol%  Al203/Al2Ti05  composites.  Powders  of  high  purity 
a-Al203  (Sumitomo  AKP-HP,  0.5  pm)  and  /9-Al2Ti05  (Trans-Tech, 
crystallites  1-5  pm,  agglomerates  10-20  pm)  were  mixed  under  class 
A- 100  clean-room  conditions,  dispersed  in  methanol  and  stir-dried. 
Three  batches  were  prepared:  A,  homogeneous,  with  a  pre-drying 
ball -milling  stage  to  remove  the  agglomerates;  B,  heterogeneous, 
with  spray-dried  Al203  agglomerates  (25  pm)  added  to  the  ball- 
milled  mix  before  drying;  C,  heterogeneous,  similar  to  A  but 
without  ball  milling,  to  retain  Al2Ti05  agglomerates  (10-20  pm). 

Disks  4  mm  thick  were  uniaxially  pressed  at  50-60  MPa 
followed  by  wet-bag  isostatic  pressing  at  350  MPa.  These  disks 
were  calcined  at  1050°C  for  12  hr,  then  sintered  at  1550-1600®C 
for  1-17  hr.  Microstructures  were  examined  in  the  SEM  and 
characterized  using  routine  ceramographic  procedures. 

Prospective  tensile  sides  of  20  mm  diara.  disks  were  polished 
to  1  pm,  followed  by  indentation  at  the  face  center  with  a  Vickers 
diamond  at  loads  from  3  to  300  N.  The  indented  specimens  were 
then  broken  in  biaxial  flexure  and  the  strengths  determined. 
Details  of  this  method  are  described  elsewhere  [3], 

Compact- tension  geometry  fracture  specimens  were  machined 
from  50  irm  diameter  disks  for  crack- interface  examinations.  These 
examinations  were  made  in  situ  using  a  mechanical  loading  fixture 
housed  in  an  SEM  [10]. 

RESULTS 

Figure  1  shows  the  microstructures  of  materials  A,  B  and  C. 
The  base  size  of  the  matrix  Al203  grains  is  consistently  “  6  pm. 


Figure  1.  SEM  microstructures  of  composites  of  80%  A1203  (dark 
grains)  and  20%  Al2Ti05  (light  grains):  (a)  homogeneous 
material  A,  (b)  heterogeneous  material  B;  (c)  heterogeneous 
material  C.  Samples  polished  to  1  pm  and  thermally  etched. 


In  material  A,  fig.  la,  the  Al2TiOs  grains  are  homogeneously 
distributed,  but  are  about  half  the  size  of  the  Al203  grains.  In 
material  B  and  C,  figs,  lb  and  lc,  distributions  of  relatively 
large  heterogeneities  are  evident:  Al203  agglomerates  in  B; 

Al203  and  Al2TiOs  agglomerates  in  C.  Densities  in  all  cases 
exceed  98%  of  the  theoretical  limit. 

Figure  2  shows  data  for  strength  against  indentation  load  for 
the  three  composites,  together  with  a  comparative  curve  computed 
for  6  fim  pure  A1203  from  an  earlier  study  [11].  The  composites 
show  significantly  lower  strength  sensitivity  to  starter  flaw 
size,  i.e.  greater  flaw  tolerance,  than  the  base  Al203 .  Further, 
the  sensitivity  decreases  in  the  composite  sequence  A-*B->C,  i.e. 
with  more  pronounced  heterogeneity. 

Figure  3  shows  SEM  micrographs  of. a  bridging  site  taken  at 
two  stages  of  monotonic  loading,  in  material  B.  Grain- facet 
frictional  contacts  at  points  P  and  Q  act  on  the  large  (alumina) 
grain.  (The  frictional  tractions  were  sufficient  to  eject  this 
grain  totally  from  the  matrix  at  a  later  stage  in  the  crack 
opening.)  Highly  active  bridge  sites  of  this  kind  were 
significantly  more  prevalent  in  the  composites  than  in  the  base 
A1203  . 

DISCUSSION  AND  CONCLUSION 

We  conclude  from  the  above  results  that  Al203 -based 
composites  can  show  considerably  enhanced  flaw  tolerance  relative 
to  base  A1203 .  This  enhanced  tolerance  is  a  manifestation  of  a 
more  pronounced  R-curve  [A],  resulting  in  turn  from  stronger 
grain- interlock  bridging. 

Specifically,  it  is  evident  that  high  residual  TEA  stresses 
and  heterogeneity  are  key  factors  in  the  increased  flaw  tolerance. 
Simplistically,  internal  stresses  contribute  by  augmenting  the 
frictional  tractions  at  sliding  grain  facets  during  pullout  [5]. 
Heterogeneity  increases  the  pullout  distance  at  the  larger 
individual  grains.  Predictive  modelling  of  the  resultant  enhanced 
bridging  in  two-phase  ceramics  should  provide  useful  guidelines 
for  improved  micros true tural  design  of  structural  ceramics  [5,12]. 

We  note  finally  that  the  approach  advocated  here  of  including 
controlled  heterogeneous  stress  centers  to  augment  bridging  is  in 
strong  violation  of  conventional  ceramics  processing  wisdom,  where 
one  seeks  to  produce  ultra-fine,  defect- free  microstructures. 

Ours  is  a  philosophy  of  containing  cracks,  not  of  eliminating 
them.  In  the  same  context,  it  may  be  pointed  out  that  those  very 
same  internal  stress  sources  that  enhance  long-crack  toughness 
also  may  lead  to  deleterious  short-crack  properties  like  wear, 
spontaneous  microcracking  and  fatigue  [12]. 


Strength,  crm  (MPa) 


Indentation  Load,  P  (N) 


Figure  2.  Indentation  Load  versus  strength  plots.  Data  with 

solid  curves  for  composite  materials  A.,  B  and  C.  Error  bars 
omitted  from  A  and  B  data  for  clarity.  Shaded  area  to  left 
represents  failures  from  natural  flaws.  Comparative  dashed 
curve  for  A1203  of  same  grain  size. 


Figure  3.  Bridging  site  at  large  alumina  grain  in  composite  B, 
showing  frictional  contact  points  at  P  and  Q.  Micrographs’ 
taken  in  situ  with  load  applied  in  SEM. 
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1.9  OPTIMIZATION  OF  STRENGTH  AND  TOUGHNESS  USING  LAMINATES 


I.  Trilayer  Composites. 

Our  objective  is  to  create  a  laminated  composite  which  has 
high  strength  over  a  large  range  of  flaw  sizes.  Many  conventional 
fine-grained  ceramics  have  high  strength,  but  only  when  the 
initial  flaw  size  is  small.  Their  low  strength  for  larger  flaws 
can  be  increased  if  an  R-curve-inducing  toughening  mechanism  is 
activated  (such  as  grain  bridging) ,  but  then  the  small  flaw 
strength  usually  decreases.  This  illustrates  a  significant 
disadvantage  associated  with  some  R-curve  phenomena.  The 
improvement  in  toughness  brought  about  by  the  R-curve  mechanism  is 
typically  achieved  at  the  expense  of  strength,  a  fact  which  has 
often  been  cited  in  criticism  of  flaw  tolerant  ceramics.  We  have 
been  trying  to  improve  the  strength  of  such  materials  in  the  small 
flaw  regime,  while  maintaining  their  high  strength  for  larger 
flaws,  by  using  a  composite  design. 

Our  approach  has  been  to  place  a  material  which  shows  a  -1/3 
<r  -  P  response  on  the  surface  of  a  more  flaw  tolerant  material 
having  a  flat  <T  -  P  response.  Such  a  composite  could,  in 
principle,  exhibit  high  strength  over  the  entire  range  of  starting 
flaw  sizes  (see  Fig.  1) .  A  key  variable  influencing  the  strength 
of  the  composite  is  the  thickness  of  the  surface  layer.  If  this 
layer  is  too  thick,  the  composite  behaves  as  if  it  were  made  of 
the  surface  material  alone  (Figs.  2  &  3) .  On  the  other  hand,  when 
the  surface  layer  is  too  thin,  the  composite  ignores  this  layer 


and  takes  on  the  strength  of  the  underlying  material  (Fig.  4) .  We 
are  presently  varying  the  thickness  of  the  surface  material 
(between  30  and  250  urn)  to  see  whether  the  desired  composite  can 
be  produced. 

Originally,  we  tried  to  make  these  composites  using  a  fine 
grained  alumina  surface  and  a  coarse,  agglomerated  alumina  +20 
vol%  aluminum  titanate  (A-AT20)  body.  Thus  far,  we  have  been 
unable  to  produce  this  microstructure,  apparently  because  of 
titanium  interdiffusion  from  the  body  material.  A  variety  of 
surface  materials  were  tried,  including  undoped  alumina,  5  vol% 
Zr02 -doped  alumina,  500  ppm  MgO-doped  alumina,  and  3  wt%  MgO-doped 
alumina.  In  all  cases,  diffusion  of  titanium  from  the  interior 
promoted  grain  growth  in  the  surface  layer,  often  resulting  in 
huge,  elongated  grains  (see  Figs.  5  &  6) .  This  abnormal  grain 
growth  can  be  prevented  by  firing  at  reduced  temperatures  (e.g. 
1500C  rather  than  1600C) ;  however,  the  body  material  then  loses 
its  coarseness  and  consequently,  its  flaw  tolerance.  If  a  longer 
sintering  time  at  the  lower  temperature  is  used  to  regain  the  flaw 
tolerance  of  the  body  material,  then  the  surface  material  once 
again  exhibits  the  coarse,  elongated  grain  structure  seen  at 
higher  temperatures.  It  should  be  noted  that  although  the  MgO 
doping  has  not  worked  so  far,  we  have  not  exhausted  the 
possibilities,  and  are  continuing  to  explore  its  use  in 
controlling  the  microstructure  of  the  surface  layer. 

For  now,  we  have  altered  our  strategy.  Previous  work  has 
shown  a  significant  difference  between  the  indentation-strength 


response  of  homogeneous  and  inhomogeneous  A-AT20  (Fig.  7) .  The 
homogeneous  material  shows  nearly  a  -1/3  <T  -  P  response;  while 
the  inhomogeneous  material  shows  the  flaw  tolerant,  flat  <r  -  P 
response  (Fig.  7) .  The  difference  in  their  small  flaw  strengths 
is  not  as  great  as  the  difference  between  alumina  and 
inhomogeneous  A-AT20;  but  it  is  appreciable  nonetheless.  Making 
the  surface  layer  out  of  homogeneous  A-AT20  affords  the 
opportunity  to  produce  the  desired  composite  without  any 
composition  gradients  between  the  surface  and  the  body,  which 
eliminates  the  interdiffusion  problem.  Homogeneous  A-AT20  is 
produced  by  thoroughly  mixing  the  tape  casting  slurry  in  a  48  hour 
ball  milling  step.  The  inhomogeneous  material  is  made  by  cutting 
the  milling  step  down  to  about  6  hours,  which  results  in  poor 
mixing  and  a  severely  agglomerated  tape.  When  sintered,  such  a 
tape  produces  a  fine-grained  matrix  of  fairly  well  dispersed 
Al2C>3+Al2Ti05,  which  contains  coarse,  polycrystalline  islands  of 
both  alumina  and  aluminum  titanate.  We  are  presently  varying  the 
thickness  of  the  homogeneous  surface  layer. 

An  abstract  covering  this  work  has  been  submitted  to  the 
Symposium  on  Ceramic  Matrix  Composites  at  the  93rd  Annual  Meeting 
of  the  American  Ceramic  Society  in  Cincinnati,  and  is  included  in 
the  publications  section  of  this  report. 

II.  Multilayer  Composites. 

The  work  described  in  this  section  represents  our  attempt  to 
take  advantage  of  some  of  the  microstructures  produced  in  the 


surfaces  of  the  trilayers.  The  multilayer  composites  consist  of 
many  thin  (  35um) ,  alternating  layers  of  A-AT20  and  undoped 
alumina  (See  Fig.  8) .  The  material  is  considered  to  be 
essentially  A-AT20,  and  the  alumina  layers  are  considered  to 
modify  this  A-AT20  by  providing  large,  elongated  grains  of  alumina 
to  act  as  bridges.  The  A-AT20  is  homogeneous,  and  forms  a  fine 
grained  matrix.  The  alumina  layers  are  initially  undoped;  but, 
during  sintering,  some  titanium  from  the  A-AT20  layers  diffuses 
into  the  alumina  layers,  producing  elongated  grains  (See  Fig.  9) . 
It  was  desired  to  have  each  alumina  layer  completely  made  up  of 
large  elongated  grains,  so  that  wherever  a  crack  intersected  an 
alumina  layer,  it  would  encounter  a  bridge. 

These  composites  are  similar  to  the  materials  being  produced 
with  controlled  inhomogeneity  by  N.  Padture  and  J.D.  French  (see 
attached  publications) .  In  their  materials,  a  fine  grained  matrix 
of  A- AT 30  is  modified  by  the  addition  of  large  alumina 
agglomerates,  which  are  distributed  uniformly  throughout  the  body. 
During  sintering,  those  alumina  agglomerates  evolve  into  coarse 
polycrystalline  islands  consisting  of  several  alumina  grains, 
which  act:  as  bridges  during  fracture.  With  this  technique, 
however,  no  prior  control  can  be  exerted  over  the  spacing  between 
the  bridging  grains.  The  bridge  spacing  was  an  uncontrolled 
parameter  whose  value  was  determined  through  numerical  analysis  of 
<T  -  P  data.  In  the  laminated  composites,  it  is  expected  that  the 
bridge  spacing  can  be  directly  controlled  by  varying  the  thickness 
of  the  alumina  and  A-AT20  layers.  In  this  way,  we  can  study  the 


effect  of  bridge  spacing  on  toughness  and  strength. 

Four  of  these  laminated  composites  have  been  produced,  and 
the  indentation-strength  (at  100N  indent  load)  was  measured  to  be 
207  MPa.  This  result  was  encouraging,  because  the  strength  of  the 
composites  was  about  30%  greater  than  the  strengths  of  the  two 
constituent  materials  (at  same  indent  load) .  In  addition,  the 
microstructure  of  these  composites  can  be  further  improved,  so 
further  increases  in  strength  and  toughness  are  expected.  For 
example,  the  number  density  of  large,  elongated  alumina  grains  in 
the  undoped  alumina  layers  can  be  increased  by  modifying  the 
sintering  schedule  (see  Fig.  10) ,  and  this  should  provide  more 
bridging  sites. 

In  order  to  more  fully  characterize  the  toughness  and  R-curve 
behavior,  and  thus  to  better  study  the  effect  of  bridge  spacing  on 
toughness,  we  plan  to  begin  testing  these  composites  in  the  Single 
Edge  Notched  Beam  (SENB)  geometry. 


A 

B 
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Figure  1.  Desired  trilayer  composite  material  will  show 
strength  behavior  indicated  by  solid  line.  Material  A  is  a  high 
strength,  non-R-curve  material;  material  B  is  a  high  toughness, 
R-curve  material.  By  optimizing  the  thickness  of  material  A,  the 
composite  will  have  highest  possible  strength  over  the  entire 
range  of  starting  flaw  sizes. 
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Figure  2.  | Indentation 
strengths  of  monolithic  16 
urn  grained  alumina  and 
laminated  16um/2um  alumina 
composite  having  16um 
alumina  on  sur¬ 
faces.  Note  that  the 
lamin¬ 
ate  strength  is  same  as  the 
strength  of  the  surface  ma¬ 
terial  alone. 
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Figure  3.  j  Indentation 
strengths  of  monolithic 
fine  grained  alumina  and 
laminated  16um/2um  alumina 
composite  having  2um 
alumina  on  surface 
Note  again  that  laminate 
st  rength  i s  same  as 
strength  of  surface 
material  a l one . 
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Figure  4.  indentation  strength  of  homogeneous/ i nhomogeneous 
A-AT20  tri layer  composite.  Homogeneous  surface  layer  is  40um 
thick.  Mote  that  the  strength  of  the  composite  is  same  as  the 
strength  of  the  inhomogeneous  body  material  alone. 


Figure  5.  - f  j  red  surface  of  trilayer  composite.  Surface 

material  was  500ppm  MgO-doped  alumina,  which  normally  should 
have  a  fine  grained,  equiaxed  microstructure.  Titanium 
diffusion  into  the  surface  from  the  body  during  sintering  has 
promoted  the  elongated  grain  structures  seen  here. (bar  =  SO  um) 


Figure  6 .  Polished  and  thermally  etched  cross-section  of 
undoped  alumina/  A-AT20  trilayer  composite,  near  surface  (at 
left).  This  again  shows  the  effect  of  titanium  from  the  A-AT20 
body  producing  abnormal  grain  growth  in  the  alumina  surface 
layer. (bar  ■  25  um) 


Fracture  Strength,  MPa 


Figure  7.  Indentation  strengths  of  homogeneous  and 
inhomogeneous  A-AT20  monoliths. 


Figure  8.  Fracture  surface  of 
composite.  The  bright  stripes 
darker  stripes  are  the  alumina 
35um.  (bar  =  75  urn) 


A  -  A T 2 0 / a l um i n a  multilayer 
are  the  A-AT20  layers,  and  the 
layers.  Layer  thickness  is 


Figure  9.  As-fired  surface  of  A  -  A T 2 0 / a l um i n a  multilayer 
composite,  showing  the  elongated  grain  structure  of  the  alumina 
surface  layer.  (All  alumina  layers  have  this  structure) (bar  *  50  um) 
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ABSTRACT 


The  influence  of  microstructure  on  the  crack  resistance  (R- 
curve)  behavior  of  a  commercial  debased  alumina  containing  large 
amounts  of  glassy  phase  (28  vol%)  has  been  studied  by  strength 
measurements  at  controlled  flaw  sizes  produced  by  indentation. 
Both  the  individual  and  combined  effects  of  a)  grain  size,  and  b) 
intergranular  second  phase  (glassy  or  crystalline)  were 
evaluated.  Enhancement  of  the  R-curve  behavior  was  observed  when 
the  average  grain  size  was  increased  from  3  to  18  jim  by  thermal 
treatment.  However,  no  effect  of  the  degree  of  crystallinity  of 
the  intergranular  second  phase  on  the  R-curve  behavior,  in  either 
small  or  large  grain  materials,  was  observed.  These  results  are 
discussed  with  reference  to  the  influence  of  grain  boundary 
residual  stresses  on  grain  bridging  across  the  crack  interface. 
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1.  INTRODUCTION 


In  recent  years  there  has  been  increasing  evidence  that  non- 
transforming  ceramics  such  as  aluminas  can  exhibit  so-called  R- 
curve  behavior,  i.e.  they  show  increasing  toughness  with  increase 
in  crack  size  [1-6].  The  enhancement  of  R-curve  behavior  yields 
several  tangible  benefits.  Firstly,  the  ceramic  exhibits  a  range 
of  flaw  sizes  over  which  the  strength  is  near- invariant.  In 
turn,  this  "flaw  tolerance"  enables  the  engineer  to  work  with  a 
single  (flaw-size  independent)  design  stress.  The  advantage  from 
the  ceramics  processing  standpoint  is  that  the  strength  of  a 
ceramic  with  strong  R-curve  behavior  is  relatively  insensitive  to 
processing  defects.  In  addition,  it  has  recently  been  postulated 
that  enhanced  R-curve  behavior  results  in  an  increase  An  the 
Weibull  modulus  [7-9]. 

Since  it  has  been  clearly  demonstrated  that  the  extent  of  R- 
curve  behavior  is  influenced  by  microstructure  [3],  it  would  seem 
highly  feasible  to  modify  R-curve  characteristics  through  control 
of  microstructural  variables.  The  microstructural  parameters 
evaluated  in  this  study  were  i)  grain  size,  and  ii)  degree  of 
crystallinity  of  intergranular  phase.  The  selection  of  these 
particular  parameters  was  based  on  consideration  of  a  model  which 
assumes  grain-localized  bridging  in  the  crack  wake  [1,5,10].  in 
the  afore-mentioned  model,  represented  schematically  in  Figure  l, 
the  grains  bridging  the  crack  are  "clamped"  in  the  matrix  by 
compressive  residual  stresses  arising  from  thermal  expansion 
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anisotropy  [11].  These  grains  thereby  exert  a  restraint  across 
the  crack  walls,  giving  rise  to  increased  toughness  in  a  manner 
analogous  to  that  of  fiber-reinforced  composites.  Without  going 
into  the  details  of  the  stress-displacement  relation  for  the 
bridge  elements  [11,12],  it  can  be  appreciated  that  the  degree  of 
enhanced  toughening  will  depend  both  on  the  grain  size  (which 
determines  the  length  over  which  the  grains  must  be  pulled  out) , 
and  the  residual  stresses  (which  control  how  tightly  the  grains 
are  clamped) . 

A  limited  number  of  systematic  experimental  investigations 
of  these  predictions  have  been  carried  out,  and  these  confirm  a 
strong  dependence  on  grain  size.  A  study  on  nominally  single 
phase  aluminas  showed  that  coarsening  the  microstructure  results 
in  a  stronger  R-curve  [3].  Similar  results  were  obtained  for  a 
debased  alumina  (containing  18  vol%  intergranular  phase)  [13]. 

The  influence  of  the  intergranular  second  phases,  however,  is 
less  well  documented,  and  different  studies  have  produced 
somewhat  conflicting  results.  Thus  several  researchers  [14-18] 
have  reported  significant  increases  in  the  toughness  values  of 
liquid-phase-sintered  aluminas  containing  10  to  30  vol% 
intergranular  glass.  The  toughness  improvements  resulted  from 
simple  heat  treatments,  and  were  attributed  to  crystallization  of 
the  glass.  However,  it  should  be  noted  that  the  toughness 
measurements  in  those  studies  were  performed  at  a  single  crack 
length.  In  contrast  to  this,  work  by  Bennison  et  al.  [13]  showed 
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that  for  fine-grained  aluminas  containing  18  vol%  second  phase, 
crystallization  of  the  second  phase  had  very  little  effect  on  the 
crack  resistance  curve.  Powell-Do^an  et  al.  [19]  also  showed 
that  for  96%  alumina,  crystallization  of  the  second  phase  had  no 
effect  on  either  the  mechanical  properties,  or  the  mode  of 
fracture . 

The  purpose  of  this  study  is  to  determine  experimentally  the 
relative  influence  of  these  two  variables,  grain  size  and  second 
phase,  on  the  R-curve  behavior  of  a  debased  alumina.  This  work 
differs  from  that  of  previous  researchers  in  that  both  the 
individual  and  combined  influence  of  grain  size,  and 
crystallinity  of  the  second  phase,  are  determined. 

2 .  EXPERIMENTAL 

Some  300  specimens  of  a  commercial  debased  (liquid-phase 
sintered)  alumina1  in  the  form  of  disks  (25mm  dia  x  3mm)  were 
obtained.  A  series  of  heat  treatments  was  carefully  devised  to 
produce  four  sets  of  specimens  of  differing  microstructures. 

Table  I  shows  the  details  of  the  heat  treatments  and  the 
resulting  microstructures.  The  notation  S  or  L  refers  to  "small" 
or  "large"  grain  size  respectively,  and  C  or  G  refers  to 
crystalline  or  glassy  second  phase  respectively. 

Specimens  for  transmission  electron  microscopy  (TEM)  were 

1  AD85,  Coors  Ceramics  Co.,  Golden,  Colorado,  USA. 
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prepared  following  standard  procedures  for  ceramic  materials. 
Disks  (3mm)  were  ultrasonically  cut  from  thin  sections  of  the 
above  samples.  The  disks  were  then  dimpled  to  a  thickness  of 
20jxm  in  the  center  and  ion-beam  milled  until  perforation. 
Subsequent  investigation  on  the  transmission  electron  microscope2 
was  carried  out  at  an  accelerating  voltage  of  120  keV.  The 
chemical  composition  of  the  intergranular  glass  was  determined 
using  energy  dispersive  spectroscopy  of  x-rays  (EDS)  on  the  same 
instrument.  A  "standard11  glass3  of  known  composition  was  used  to 
provide  the  necessary  k-factors  for  compositional  analysis. 
Samples  were  prepared  for  scanning  electron  microscopy  (SEM)  by 
polishing  sections  to  1  /im  grade  followed  by  thermal  etching  at 
1500  °C  for  15  minutes. 

Mechanical  testing  of  AD85-S-G,  AD85-S-C,  AD85-L-G  and 
AD85-L-C  was  carried  out  as  follows.  About  50  disk  specimens  of 
each  batch  were  polished  to  1  jim  grade  on  the  prospective  tensile 
side.  A  Vickers  indentation  was  made  at  the  center  of  the 
polished  surface  with  loads  varying  from  2  to  300  N.  Some 
samples  were  left  unindented.  All  indentations  were  made  in  air 
and  the  samples  allowed  to  stand  for  10  min.  A  drop  of  vacuum 
grease  was  then  placed  on  the  indentation  sites.  The  specimens 
were  broken  in  biaxial  flexure  using  the  3-point  support  and 
punch  fixture  [20],  and  failure  times  were  kept  below  20  ms  to 

2  Philips  EM  400T,  Mahwah  ,  New  Jersey,  USA. 

3  SRM  #  2063,  N.I.S.T.,  Gaithersburg,  Maryland,  USA 
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minimize  effects  from  static  fatigue.  Strength  values  were 
calculated  from  the  breaking  loads  and  specimen  dimensions  using 
thin-plate  and  beam  formulas  [21].  Care  was  taken  to  examine  all 
specimens  after  fracture  to  verify  the  indentation  site  as  the 
origin  of  failure.  The  specimens  that  did  not  fracture  from 
indentations  were  incorporated  into  the  data  pool  for  unindented 
controls.  Details  of  this  particular  method  of  mechanical 
testing  have  been  described  elsewhere  [3]. 

Preliminary  experiments  revealed  that  crystallization  of  the 
intergranular  glass  produced  predominantly  anorthite 
(Ca0.Al203.2Si02) .  To  obtain  a  comparison  between  the  high 
temperature  mechanical  properties  of  anorthite  and  alumina,  the 
hardness  of  bulk  anorthite  was  determined  as  a  function  of 
temperature4  from  20  to  1200  °C.  Bulk  anorthite  was  made  by 
first  melting  anorthite  composition  glass  from  reagent  grade 
Si02/  A1203  and  CaC035  raw  materials  in  a  Pt-Rh  crucible  at  1600  °C 
for  24  hours.  This  was  followed  by  crystallization  at  1200  °c 
for  30  minutes. 

3 .  RESULTS 
3 . 1  Microstructure 

Table  II  shows  the  composition  of  the  intergranular  glass  of 

4  • 

Nikon  QM  high  temperature  microhardness  tester,  Nikon, 
Garden  City,  New  York,  USA. 

5  Fisher  Scientific  Company,  Fair  Lawn,  New  Jersey,  USA. 
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AD85-S-G  samples  after  homogenization  heat  treatment,  as 
determined  by  x-ray  EDS.  The  values  represent  an  average  of  ten 
different  spectra  obtained  from  different  regions  of  the  sample. 
The  compositions  were  observed  to  be  consistent  within  ±5%, 
implying  that  the  glassy  phase  is  homogeneous.  In  addition,  the 
glass  composition  obtained  was  found  to  agree  within  ±5%  of  the 
values  determined  by  Wiederhorn  et  al.  [22]  for  AD85  with  the 
same  heat  treatment.  Using  this  composition  as  a  basis,  the  heat 
treatment  given  in  table  I  was  devised  in  order  to  obtain 
anorthite  as  the  major  crystalline  phase  [23]. 

Figure  2  shows  SEM  micrographs  of  AD85-S-G  (grain  size  »  3 
/im)  and  AD85-L-G  (grain  size  »  18  /m)  .  Qualitative  visual 
comparison  of  the  two  micrographs  shows  that  the  heat  treatment 
results  in  a  scaling  up  of  the  grain  structure  as  a  whole,  and 
that  there  is  no  significant  change  in  the  distribution  of  grain 
sizes  about  the  mean.  Figures  3  a)  and  3  b)  show  TEM  micrographs 
of  AD85-S-G  and  AD85-S-C  depicting  glassy  and  crystalline 
intergranular  phases  respectively.  The  grain  size  has  not 
changed  appreciably  during  crystallization  heat-treatment.  The 
crystalline  intergranular  phase  in  AD85-S-C  is  observed  to  be 
mostly  anorthite.  With  this  composition  it  was  not  possible  to 
achieve  100%  crystallinity;  thus  pockets  of  residual  glassy  phase 
were  observed  at  many  triple  points.  From  TEM  examination,  the 
overall  degree  of  crystallinity  was  estimated  to  be  »  80%. 
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3.2  Mechanical  Behavior 

Figure  4  shows  indentation  load  versus  failure  stress  for 
the  four  sets  of  samples.  Consider  firstly  the  behavior  of  the 
fine-grained  material.  It  can  be  seen  that  the  data  points  for 
AD85-S-G  and  AD85-S-C  lie  essentially  on  the  same  line.  The 
results  for  the  coarse-grained  specimens  (AD85-L-G  and  AD85-L-C) 
on  the  other  hand,  fall  on  a  distinctly  separate  curve. 

The  results  of  the  hot-hardness  measurements  obtained  from 
the  bulk  anorthite  samples  are  shown  in  Figure  5.  Data  for 
alumina  [24]  are  also  plotted  for  comparison.  Although  the 
hardness  of  anorthite  at  room  temperature  is  significantly  lower 
than  that  of  alumina,  its  rate  of  decrease  with  increasing 
temperature  is  lower.  Consequently,  at  temperatures  around  1000 
°C,  the  hardness  values  of  the  two  phases  are  similar. 

4 .  DISCUSSION 

The  results  depicted  in  Figure  4  clearly  show  that  R-curve 
behavior,  as  evidenced  by  the  flattening  of  the  data  in  figure  4 
at  low  indentation  loads,  is  enhanced  with  increasing  grain  size 
This  behavior  is  consistent  with  the  observations  of  other 
researchers  obtained  on  both  single-phase  [3,25]  and  two-phase 
aluminas  [3,13].  It  confirms  grain  size  as  a  significant 
parameter  in  determining  the  extent  of  increased  toughening  with 
crack  extension. 
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However,  the  effect  of  crystallization  of  the  intergranular 
phase  on  the  R-curve  properties  of  these  materials  appears  to  be 
insignificant.  In  terms  of  the  grain-bridging  model,  this  null 
effect  may  seem  surprising,  since  the  bridging  processes  are 
thought  to  be  sensitive  to  residual  stresses  in  the  grain 
boundary  regions.  To  explore  the  validity  of  this  reasoning 
further,  the  magnitude  of  these  grain  boundary  stresses  due  to 
thermal  expansion  anisotropy  between  the  alumina  and  the 
intergranular  anorthite  can  be  estimated  from  the  following 
relation  for  a  spherical  inclusion  embedded  in  a  matrix  [26,  27]: 


ar  =  [(  aAl  -  aAn  )  AT]  /  [(1  +  Pm)/2EAi  +  (1  -  2l/An)/EAn>]  (1) 

(where  a  is  the  linear  thermal  expansion  coefficient,  v is  the 
Poisson's  ratio,  E  is  the  elastic  modulus  and  AT  is  the 
difference  between  heat  treatment  and  ambient  temperatures) . 
Although  the  inclusion  problem  represents  an  oversimplification 
of  the  experimentally  observed  morphology,  it  is  believed  that 
this  relation  gives  a  useful  indication  of  the  magnitude  of  the 
residual  stresses.  Taking  aAl  =  9.0  x  10'6  °C'1  [28],  aAn  =  3.7  x 
10’6  °C'1  [29 ]6,  EAl  =  390  GPa  <?AV  =  0.2)  [3],  EAn  =  250  GPa  ( V,n  = 


It  should  be  noted  that  alumina  and  anorthite  are  non-cubic 
materials  and  possess  thermal  expansion  anisotropy  along  a  and  c 
axes.  Since  the  thermal  expansion  anisotropy  within  these 
individual  crystals  is  much  less  than  that  between  the  two  phases, 
the  values  mentioned  here  are  average  and  represent  the  thermal 
expansion  coefficients  of  polycrystalline  materials. 
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0.25)  [30]  and  AT  =  1000  °C,  we  obtain  ar  =  1.5  GPa  for  the 
alumina/ anorthite  system.  For  a  single  phase  alumina,  taking 
axc  =  8.6  x  10'6  °C*1  and  a,lc  =  9.6  x  10'6  “c'1  [28],  we  obtain  crr  - 
0.35  GPa.  Thus  the  residual  stresses  induced  in  the  two-phase 
alumina  are  greater,  by  about  a  factor  of  four,  than  in  the 
single  phase  material. 

One  could  therefore  argue  that  the  R-curve  in  single-phase 
alumina  should  be  further  enhanced  in  the  two-phase  alumina  with 
the  crystalline  second  phase.  That  this  was  not  observed 
experimentally,  suggests  that  the  residual  stresses  must  be  at 
least  partially  relaxed  in  AD85-S-C  and  AD85-L-C.  As  described 
previously,  TEM  examination  of  these  samples  revealed  that  the 
anorthite  was  highly  twinned.  In  addition,  residual  glass  was 
often  observed  in  the  intergranular  pockets.  It  is  arguable, 
therefore,  that  relaxation  of  the  grain  boundary  residual 
stresses  is  taking  place  at  the  treatment  temperature  by 
deformation  of  either  the  anorthite  or  glassy  phase.  Because  no 
dislocation  activity  was  observed  in  the  alumina  grains, 
deformation  of  the  alumina  grains  was  disregarded  as  a 
possibility.  Consideration  of  Figure  5  shows  that  deformation  of 
the  anorthite  appears  less  likely,  because  at  elevated 
temperatures  the  hardness  values  of  alumina  and  anorthite  become 
comparable,  so  it  is  difficult  to  see  why  the  anorthite  would 
deform  in^preference  to  the  alumina. 
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This  essentially  leaves  the  role  of  the  residual  glass  to  be 
considered.  Since  the  approximate  composition  of  the  glass  is 
known,  it  is  possible  to  estimate  the  value  of  the  glass 
viscosity  from  standard  data  [31].  For  comparable  glass 
compositions,  the  softening  temperature,  i.e.  the  temperature  at 
which  the  glass  will  deform  appreciably  under  its  own  weight,  is 
900  °C.  Thus  at  the  level  of  stresses  which  have  been 
calculated,  the  glass  would  be  expected  to  flow  readily.  It  is 
therefore  suggested  that  the  expected  change  in  mechanical 
properties  does  not  occur  because  of  relaxation  of  the  induced 
stresses  by  viscous  flow  of  the  residual  glass. 

The  above  discussion  represents  a  highly  simplified  picture 
of  the  deformation  processes  which  take  place  on  cooling  of  the 
crystallized  AD85  to  ambient  temperatures.  Nonetheless,  the 
postulate  that  the  induced  stresses  are  being  relaxed  is 
consistent  with  the  experimental  data.  Ideally,  it  would  have 
been  desirable  to  estimate  the  stress  distribution  within  the 
microstructure  more  accurately,  by  taking  into  account  the 
morphology  of  the  various  phases.  Unfortunately,  the  complexity 
of  the  microstructure  of  the  commercial  materials  studied 
rendered  such  analysis  intractable.  It  is  envisaged  that 
laboratory-processed  specimens  with  controlled  microstructures 
will  be  more  amenable  to  theoretical  modelling.  Work  is  thus 
currently  under  way  to  process  two-phase  aluminas  where  the  glass 
composition  is  controlled  so  that  virtually  100  %  crystallinity 
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can  be  achieved. 

CONCLUSIONS 

For  the  commercial  liquid  phase  sintered  aluminas  examined 
in  this  study,  the  effect  of  grain  size  on  the  R-curve  behavior 
predominates.  Crystallization  of  the  intergranular  glass  had 
relatively  little  to  no  effect  on  the  R-curve  behavior.  Although 
significant  residual  stresses  would  be  expected  to  be  induced  due 
to  the  differences  in  thermal  expansion  between  the  alumina  and 
the  crystallized  intergranular  phase,  these  appear  to  be  relaxed 
by  flow  of  residual  glass.  The  results  have  interesting 
implications  with  respect  to  the  applications  of  these  materials, 
since  they  show  that  prolonged  heat-treatment  cycles  up  to  1200 
°C  do  not  affect  the  room  temperature  mechanical  properties. 
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Figure  Captions: 


1.  Schematic  representation  of  grain-localized  bridging  of  the 
crack  (jjj-active  bridges,  ^  -intergranular  second  phase). 


2.  SEM  secondary  electron  images  of  polished  and  etched  sections 
of  AD85  aluminas  a)  AD85-S-G  (fine-grained  material),  b)  AD85-L-G 
(coarse-grained  material) . 


3.  TEM  bright  field  images  of  AD85  aluminas  a)  AD85-S-G  showing 
intergranular  glassy  pockets  (A-Alumina,  G-Glass) ,  b)  AD85-S-C 
showing  crystalline  intergranular  phase  (A-Alumina,  An-Anorthite 
G-Residual  glass) . 


4.  Plot  of  indentation  load  versus  failure  stress  for  four 
different  materials,  derived  from  AD85.  The  hatched  region 
represents  failures  from  natural  flaws.  (Representative  error 
bars  are  included  on  the  end  data  points.) 

5.  Comparison  of  hardness  as  a  function  of  temperature  between 
alumina  [22]  and  anorthite  (present  work) .  (A  representative 
error  bar  is  shown  on  the  end  data  point.) 
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Table  captions 


I.  Heat  treatment  schedules  and  microstructures. 


II.  Average  composition  of  the  intergranular  glass  in  AD85. 
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Abstract 


This  thesis  is  a  study  of  the  microstructural 
development  and  mechanical  properties  of  a  ceramic  system 
exhibiting  a  dual-phase  interpenetrating  microstructure. 

The  Al203 :c-Zr02 (8  mol%  Y203)  system  was  chosen  as  the  model 
due  to  the  limited  mutual  solubility  of  Al203  and  c-Zr02, 
and  the  absence  of  intermediate  phases.  Sintering  studies 
of  the  composites  with  high  volume  fractions  of  both  phases 
showed  the  severe  grain  growth  restraint  of  the 
interpenetrating  network  at  1650 ‘C  (60SC  below  the 
eutectic) .  The  coarsening  resistance  is  attributed  to  the 
long  diffusion  path  length  for  coarsening,  the  limited 
mutual  solubility,  and  the  high  grain  coordination  number  of 
the  phases.  Fracture  toughness  of  the  composites  is  shown 
to  follow  a  series  rule-of-raixtures  of  the  single  phases. 

The  5  volume  percent  c-Zr02  composition  shows  an  anomalously 
high  hardness  at  all  temperatures  (up  to  12 00*0) .  The  50 
volume  percent  c-Zr02  composition  (AZ50)  possesses  superior 
hardness  to  the  single  phases  above  1000 °C.  Indentation 
creep  tests  show  that  AZ50  is  superior  to  single  phase  A1203 
for  resisting  creep  deformation,  and  comparable  to  single 
phase  c-Zr02 .  These  interpenetrating  microstructures,  with 
high  volume  fractions  of  second  phase,  are  part  of  a  class 
of  ceramics  which  possess  stable  microstructures  and 
reliable  mechanical  properties  at  elevated  temperatures. 
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